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Topological insulators (TIs) are a recently discovered class of materials 
which are insulating in the bulk with metallic surface states, protected from back 
scattering due to the principle of time reversal symmetry. The metallic surface 
states are spin-polarized with the spin locked perpendicular to the momentum. 
This characteristic makes TIs as potential candidates for applications in spintronic 
devices and quantum computing. Since TIs were discovered only recently in 
2007, the field is still in a nascent stage with tremendous scope for exploratory 
research. The metallic surface state of TIs was first experimentally demonstrated 
by angle resolved photoemission spectroscopy (ARPES). 
This thesis studies the electrical transport properties of 3D TIs. One of the 
major challenges in TI transport properties is the non-insulating nature of the 
bulk, which makes access to the surface states difficult in transport measurements. 
Fundamental transport properties of TIs are studied using temperature 
dependence, gate dependence and magnetoresistance measurements and certain 
key signatures of surface states in TIs are demonstrated in transport experiments. 
One of the major characteristics of the metallic surface states of TIs is that 
they are topologically protected against backscattering. Using ion milling to 
introduce disorder into the TI material, the robustness of the topological surface 
states was studied. The effect of disorder on the magneto transport characteristics 
of the TI was also studied. Ionic liquid dielectrics have the ability to greatly 
modulate the carrier density due to their large capacitance as compared to solid 
dielectrics. Hence, the effect of using ionic liquids as potential gate dielectrics to 
ix 
 
tune the carrier properties of TIs is studied in details. The metallic surface states 
of TIs are spin-polarized, whose interaction with magnetic materials can result in 
interesting proximity related effects. This thesis investigates the interaction of TIs 
with the magnetic insulator yttrium iron garnet (YIG) and demonstrates signatures 
of magnetic proximity in TIs. These studies indicate that TIs are a rich playground 
for the investigation of various physical phenomena and novel characteristics may 
be further discovered in TI transport experiments. The thesis is concluded with 
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Chapter 1  Introduction 
The notion of symmetry breaking is central to the study of condensed 
matter physics. A solid is composed of atoms bonded together in a specific 
arrangement. The particular arrangement of the atoms and the interactions 
between them govern the properties of solids. The arrangement of atoms can exist 
in various quantum states resulting in crystalline solids, magnets, 
superconductors, metallic glasses, etc. These quantum states can be classified on 
the basis of various symmetries that are broken, being one of the highlights of 
condensed matter physics in the previous century. However, in 1980, a new 
quantum state was discovered which does not result from symmetry breaking, 
known as the quantum Hall state.[1] The quantum Hall state occurs in two 
dimensional (2D) materials, where the bulk of the sample is insulating and 
currents are circulated only along the edges. The unidirectional edge currents are 
immune to dissipation and gives rise to the quantum Hall effect (QHE). The 
quantum Hall state was the first state discovered to be topologically distinct from 
all previous states of matter. A consequence of the QHE is that the resistance is 
quantized precisely in the units of e
2
/h, independent of the material properties. 
The precise quantization of the Hall resistance stems from its topological origin. 
Topology is the branch of mathematics which studies geometrical 
properties that are invariant under deformations. A common example of 
topological invariance is the shape of a coffee cup and a doughnut. Since both 
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have only one hole, a coffee cup can be easily deformed into the shape of a 
doughnut, as shown in figure 1-1, making them topologically identical. However 
an orange cannot be deformed into a doughnut, making them topologically 
distinct. Thus, the topological classification of shapes ignores the minor details 
and concerns only the fundamental properties which remain unchanged by 
deformations.  
 
Figure 1-1: A coffee cup and doughnut have the same topological invariant.[2]  
 
Similarly, the topological classification of solids in condensed matter 
physics, like the QHE concerns itself with the fundamental properties that remain 
unchanged when the material or sample details are changed. Thus, the topological 
classification of quantum states provides a powerful technique to understand the 
fundamental behavior of solids. 
The topological classification in geometry is valid only for smooth 
deformations, without any violent actions, like tearing, etc. In physics, such a 
‘smooth deformation’ would be analogous to the change in Hamiltonian of a 
many particle system, without closing the bulk band gap. Two quantum states are 
thus topologically identical only if a smooth transition can occur from one state to 
the other without closing the band gap.[3] When applied to insulators, a 
topological classification would be valid only for the instances where the band 
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gap of the insulator is not closed. In other words, there exists a topological 
invariant that characterizes an insulator, which does not change as long as the 
material remains insulating. Thus, for a transition to occur from a particular 
quantum state to another ‘topologically’ distinct quantum state, the band gap must 
close at the transition point. The closing of the band gap is equivalent to the 
creation of conducting metallic states at the interface. This concept leads to the 
origin of topological insulators (TIs), which is the subject of study for this thesis. 
The chief technological interest in TIs is their possible application in 
spintronic devices. Spintronic devices store data based on the ‘spin’ state of an 
electron, as opposed to transistors, which store data based on the charge state of 
an electron. The key aspect of TIs which makes them potential candidates for spin 
based devices is the spin momentum locking of the topological surface state 
(TSS). The spin momentum locking of the TSS is due to the large spin orbit 
coupling.[4-6] Spin orbit coupling (SOC) is the phenomena wherein the spin of a 
particle interacts with its motion, which can affect the band structure. SOC affects 
the band structure of all materials. In some materials, when the SOC is large, it 
can cause the p-band (valence band) to bend upwards and the s-band (conduction) 
to bend downwards, which can eventually lead to ‘band inversion’, when they 
cross each other. Especially, if the band gap is small, which is the case in TIs, the 
effects of band inversion can be quite pronounced. The concept of band inversion 
is explained in greater detail in chapter 2. 
The large SOC in TIs leads to band inversion near the surface, due to 
which the spin up and spin down electrons experience opposite effective fields, 
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which makes them propagate in opposite directions. This is known as spin 
momentum locking. Due to the spin momentum locking, reversing the current 
direction in a TI reverses the spin state as well.[7] The spin momentum locking 
property can be used to store information based on the spin state of an electron, 
leading to spintronic device applications. The possibility of using TIs in spintronic 
devices for data storage is one of the main motivations for studying the detailed 
transport properties of TIs in this thesis. 
Reversing the current direction in a TI reverses the spin orientation. This 
leads to two spin states (0 and 1), depending on the direction of current flow, 
which can be used for information storage based on the electron spin. The 
prospect of storing information based on electron spin instead of charge makes 
TIs as one of the most promising candidates for spintronic applications.[8] This 
thesis studies the fundamental transport properties of TIs, which is essential for 
moving forward into device applications. 
One of the fundamental physical characteristic of TIs is the absence of 
backscattering of the surface state electrons. The absence of backscattering is a 
result of the spin momentum locking, which requires the spin orientation to 
change for backscattering. Since there are no available spin states for the opposite 
current direction, no backscattering occurs for the surface state. This feature 
makes TIs as attractive candidates for application’s requiring very low dissipation 
like interconnects.[9] 
The spin momentum locking of the TSS along with low dissipation leads 
to applications in quantum computing.[10] Quantum computing makes use of 
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quantum mechanical phenomena like superposition and entanglement in order to 
perform operations on data. The possible application of TIs for quantum 
computing applications makes it important to understand the transport properties 
of TIs in detail. Thus, the large scope for applications in spintronic devices, 
interconnects and quantum computing is the main motivation for studying the 
detailed transport properties of TIs in this thesis. 
In this thesis, chapter 2 provides an overview of the physics of TIs, their 
peculiar properties and updates about recent experimental progress. The 
experimental procedure and device fabrication methods will be discussed in 
chapter 3. The fundamental transport properties of TIs are discussed in chapter 4, 
which forms a background for the subsequent chapters. In chapter 5, the 
robustness of the surface states of a TI on the application of disorder and the 
phenomena of negative magnetoresistance are investigated. In chapter 6, the use 
of ionic liquids as a gate dielectric in TIs is studied. Chapter 7 demonstrates 
signatures of magnetic proximity arising in a TI from the presence of an 
underlying magnetic insulator. Finally, the summary of the work done and future 
research prospects will be discussed in chapter 8. 
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Chapter 2  Physics of topological insulators and 
literature review 
2.1 Introduction 
The band theory of solids developed in the 20
th
 century defines an 
insulator as a solid possessing an energy gap in the electronic band structure. The 
existence of the bandgap is a consequence of the periodicity of the crystal lattice 
and the fully occupied atomic orbitals. The valence band of an insulator is thus 
completely filled and separated from the empty conduction band. The separation 
between the valence and conduction band is known as the bandgap of the 
insulator. The classification of solids based on the concept of a bandgap is an 
extremely powerful idea which greatly simplifies the study of solids in condensed 
matter physics. 
The notion of topology taken from geometry can be used to further 
classify insulators.[3] The topological classification of solids is a powerful way to 
study the band structures of insulators and understand the origin of the various 
concepts which lead to the existence of a topological insulator (TI).[6] To acquire 
an intuitive appreciation of the topological classification of the band structure of 
an insulator, consider figure 2-1, which displays a trefoil knot on the left hand 
side representing the band structure of a TI and the circular loop on the right 
representing the band structure of an ordinary insulator or vacuum. Each insulator 
is identified based on a parameter known as the topological invariant, which 
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cannot change as long as the material remains insulating.[3] Since the trefoil knot 
on the left side and the circular loop on the right side have different topological 
invariants, neither can be transformed into the other without cutting or tearing. 
Hence, at the interface, where the material transitions from a topological to a 
normal insulator, the knot must be cut. The cutting of the knot represents the 
metallic state, as shown by the figure in the middle. The quantity that is actually 
knotted in a TI is the wavefunction of an electron. At the interface where the 
wavefunction is unknotted, a metallic delocalized state must exist. Thus, 
transitioning from the topological to the normal state results in the creation of a 
metallic state at the interface, as represented by the ‘cutting’ of the knot. This 
leads to an insulator with a metallic surface, known as a TI. 
 





2.2 Physics of topological insulators 
2.2.1 Quantum Hall effect 
In order to understand the physics of how the topological change at the 
surface results in the formation of a metallic state, it is necessary to review some 
history related to the quantum Hall effect, which was the first state to be 
characterized not involving symmetry breaking and had topologically protected 
edge states for current conduction.[11] The quantum Hall effect or QHE is the 
quantum analogue of the Hall effect which was discovered by Klaus von Klitzing 
for which he was awarded the Nobel prize in 1985.[12] The prime significance of 
this discovery was that the Hall resistance is quantized and has a fundamental 
value of h/e
2
 or 25,812 ohms, which is independent of the material used, or the 
number of carriers or the defects in the material and depends only on the 
fundamental constants, e and h, where e is the electron charge and h is the 
Planck’s constant. The quantum Hall (QH) state is characterized by quantized 
values of the resistance in the transverse direction known as Hall plateaus and 
infinite conductivity (zero resistance) in the longitudinal direction corresponding 




Figure 2-2: Demonstration of quantum Hall effect and Landau level 
formation.[1] 
 
The QHE is a phenomena occurring when electrons confined in two 
dimensions (2DEG) are exposed to a strong external magnetic field. When a 
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2DEG is exposed to an external magnetic field, the electrons start circulating in 
closed loops, known as cyclotron orbits, whose diameter is quantized and defined 
by the magnitude of the external field. As the magnitude of the external field 
increases, the diameter of the cyclotron orbits decreases and the frequency of 
circulation, known as cyclotron frequency increases. The QHE occurs as a 
consequence of the quantization of the cyclotron frequency. This leads to the 
formation of Landau levels (LLs) in the band structure, as shown in the lower part 
of figure 2-2, which are the discrete energy levels permitted for the circulating 
electrons. The LLs are separated by a gap, which leads to the discretization of the 
energy of the circulating electrons, given by  
( )2/1+nωh=ε cm                                                                                 (2.1) 
where 𝜔c is the cyclotron frequency and n is an integer. If the Fermi level lies 
within the gap between the LLs, there is no state for the electron to scatter into, 
which results in dissipationless transport along the longitudinal direction. The 
drifting of the cyclotron orbits on the application of an electric field leads to a 
Hall current characterized by the Hall conductivity, h/ne=σ 2xy , which is 
precisely quantized.[12] The precise quantization of the Hall conductivity is a 
consequence of its topological origin and is independent of the material details. 
In order to acquire a physical picture of the QHE, consider the motion of 
electrons in a 2DEG across a plane metallic surface, under the application of an 
external magnetic field, as shown in figure 2-3. The application of the field causes 
the electrons to move in circular loops or cyclotron orbits. At the edges of the 
surface, the circular motion of the electrons is blocked and as a consequence, the 
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electron exhibits a ‘skipping’ motion, which results in a current flow. But this 
skipping motion can occur in only one direction and the electron cannot be 
scattered off surface impurities because of the absence of backward propagating 
states, resulting in a dissipationless current propagating in only one direction. 
Hence, although the electrons in the bulk keep circulating without any 
conduction, the edges where the electrons skip and propagate unidirectionally 
become conducting and therefore metallic. The metallic surface state of a TI is 
identical to the QH state. 
 




2.2.2 Spin orbit coupling 
Spin orbit coupling (SOC) is the interaction of the electron spin or the 
intrinsic angular momentum of the electron with its orbital angular momentum. 
SOC is the key property responsible for the formation of the topological surface 
states (TSS) and the spin momentum locking. In normal semiconductors, 
conduction band is formed from electrons in s orbitals and valence band is formed 
from electrons in p orbitals. The s band (conduction band) bends upwards 
whereas the p band (valence band) bends downwards. Hence, in ordinary 
materials, they never cross each other. However, SOC can result in inverting the 
band orientation of both s and p-bands, resulting in band inversion in TIs, which 
is responsible for their unique properties. The detail is explained below. 
SOC affects the band structure of all materials. In those materials where 
the SOC is large, it can cause the p-band (valence band) to bend upwards and the 
s-band (conduction band) to bend downwards. Due to the band bending, the s-
band and the p-band can cross each other and the normal band structure gets 
‘inverted’, leading to ‘band inversion’ when they cross each other.[5, 13] Due to 
the band inversion, the s-band (conduction band) becomes lower in energy than 
the p-band (valence band). This unique situation leads to the occurrence of 
conducting states at the points where the bands intersect, which typically occurs at 
the surface. This leads to the closing of the band gap at the surface, resulting in 
the formation of the metallic surface states. When the SOC is quite large and the 
band gap is quite small (like in Bi2Se3), the effects of band inversion can be 
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significantly enhanced. Thus, the band inversion gives rise to the metallic surface 
states or TSS.  
Due to the large SOC, the spin up and spin down electrons at the TSS 
experience opposite effective fields, which makes them propagate in opposite 
directions. This is known as spin momentum locking, which is the key property of 
TIs used for device applications. The result of spin momentum locking is that 
when the current direction at the surface is reversed, the spin state also 
reverses.[7] Thus, the current direction determines the spin orientation. This fact 
can be used for applications in data storage, which requires the ability to easily 
switch between two states. 
One of the fundamental characteristic of spin momentum locking in TIs is 
that the electron motion in any direction is protected against back-scattering.[6, 
14] In order to understand the physics of this process, consider a forward 
propagating spin-up electron. In a TI, the spin of the electron is locked to its 
momentum, as shown in figure 2-4. Thus, in order to backscatter, the spin-up 
electron has to rotate to spin-down. However, this is not possible due to the 
absence of the opposite spin state required for backscattering. However, if the TR 
symmetry is broken (for example due to a magnetic impurity), backscattering can 
take place.[14] Thus, the principle of TR symmetry and spin momentum locking 




Figure 2-4: Helical edge states in the 2D TI. 
 
However, it is important to note that the above argument is valid only for 
an odd number of forward (or backward) moving channels. In case of an even 
number of channels, backscattering can take place without rotating the spin. Thus 
in order for the TSS to be robust, there must be an odd number of forward and 
backward moving channels. This concept is expressed using the notion of a Z2 
topological quantum number.[4] We now proceed to the experimental discovery 
of TIs. 
2.3 Experimental discovery of topological insulators 
2.3.1 First 2D topological insulator HgTe 
Theorists first predicted the existence of the QSH state in HgTe quantum 
wells sandwiched between layers of CdTe.[5] This prediction was made on the 
basis of the strong SOC in HgTe which results in a band inversion at the gamma 
point. This was a revolutionary insight which paved the way for the experimental 
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realization of TIs. Furthermore, the strong lattice match between these materials 
results in a well formed CdTe/HgTe quantum well. 
 
Figure 2-5: Band structure of CdTe/HgTe quantum well. Band inversion occurs 
when the well thickness is larger than the critical thickness.[5] 
 
Figure 2-5 shows the band diagram for the CdTe/HgTe quantum well 
structure. HgTe is a II-VI semiconductor. In most II-VI semiconductors, the 
conduction band consists of s electrons derived from the group II atom whereas 
the valence band consists of the p electrons derived from the group VI atom. But 
in HgTe, this order is inverted, i.e. the conduction band contains the p electrons 
and the valence band contains the s electrons. Provided that the HgTe quantum 
well thickness is greater than a critical thickness, the band structure within the 
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well will remain inverted. According to the theoretical prediction, when the band 
structure is inverted, a QSH state appears resulting in a dissipationless 
conductivity and spin polarized transport along the well interface. However, if the 
well thickness is less than the critical value, the CdTe band structure dominates 
with no band inversion and the structure behaves as a trivial insulator. The 
theoretical prediction was experimentally verified by the group led by 
Molenkamp in 2007, as shown in figure 2-6.[13]  
 
 
Figure 2-6: Experimental verification of TI behavior in CdTe/HgTe quantum well. 





In this pioneering experiment, the authors fabricated the CdTe/HgTe 
quantum well structures using molecular beam epitaxy. The essential idea is that 
when the thickness of the HgTe exceeds a critical value of 6.7 nm, band inversion 
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occurs, leading to the appearance of the QSH state, with a characteristic 
conductivity of 2e
2
/h. When the thickness of HgTe is smaller than the critical 
thickness, it acts like a perfect insulator. This fact was experimentally confirmed 
in the transport experiment as shown in figure 2-6, where the conductivity value is 
exactly 2e
2
/h, when the HgTe well thickness exceeds 6.7 nm (region III and IV), 
clearly demonstrating the existence of the TSS at the well interface. 
2.3.2 First 3D topological insulator Bi1-xSbx 
Although the experiment involving CdTe/HgTe quantum wells confirmed 
the existence of the QSH state in two dimensions, the demonstration of 3D TIs 
required angle resolved photoemission spectroscopy (ARPES) measurements. In 
contrast to the QH state which occurs only for 2D systems, the QSH state was 
predicted to occur even for 3D-systems.[6] The QSH prediction for the 3D-system 
Bi1-xSbx was experimentally demonstrated by Zahid Hassan’s group using 
ARPES.[15] Charge transport which was used to confirm the 2D TIs are difficult 
in 3D materials because of bulk effects, which makes it very difficult to identify 
the topological signature of the surface states. ARPES is an ideal tool which can 
be used to probe the topological nature of the surface states. ARPES uses a 
photon to cause electron ejection from the crystal to determine the surface and 
bulk electronic structures, by analyzing the momentum of the ejected electron. 
ARPES allows us to isolate the surface states from the bulk band structure 
because surface states do not disperse along a direction perpendicular to the 
surface, in contrast to the bulk states.[15] A strong TI shows a linear dispersion 
relation in which the metallic surface states intersect the Fermi level at an odd 
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number of points. Figure 2-7 shows the ARPES spectrum of Bi1-xSbx, where five 
crossings of the surface state are visible. According to Kramer’s theorem, the 
degeneracy of states with an odd number of electrons obeying time-reversal 
symmetry is topologically protected,[11] which is seen in figure 2-7. 
 
Figure 2-7: The surface band dispersion second-derivative image of Bi0.9Sb0.1 
along 𝜞-𝜧. There are a total of 5 crossings between 𝜞 and 𝜧 which indicates 
topologically non-trivial surface states.[15] 
 
However, the TSS in Bi1-xSbx are quite complex to analyze. Henceforth, it 
was predicted in 2009 that the compounds Bi2Te3, Bi2Se3 and Sb2Te3, having a 
simpler band structure, could act as TI materials.[16] This was experimentally 
demonstrated later the same year using ARPES.[17] Figure 2-8 shows the ARPES 
spectrum of Bi2Se3, where the linear dispersion of the surface states is visible. It 
demonstrates the characteristic signature of a TI in the form of a single Dirac cone 




Figure 2-8: High resolution ARPES measurement of the surface electronic band 
dispersion on Bi2Se3 demonstrating the Dirac cone formed by the TSS.[17] 
 
Although Bi2Se3 is the most widely studied TI compound to date, it is not 
a perfect material and suffers from various defects which can make the access to 
the TSS difficult in a transport experiment. An insulator is defined by its band 
gap, which is approximately 0.3 eV in Bi2Se3. Thus, at room temperature of 300 
K (0.03 eV), it should act as a reasonably good insulator. However, this 
assumption is true only if the Fermi level lies within the band gap. Ordinarily, 
Bi2Se3 grown in any form invariably contains Se vacancies, which act as dopants 
and push the Fermi level into the conduction band.[18-23] Due to the Fermi level 
lying inside the conduction band, the insulating Bi2Se3 begins to behave like a 
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metal! This fact makes it extremely difficult to access the surface state due to the 
metallic-like nature of the bulk Bi2Se3. Thus, no clear signature of the TSS is 
visible at room temperature in transport experiments using ordinary Bi2Se3 based 
compounds. 
2.4 Bi2Se3 based materials for TIs 
Bi2Se3 is the most widely studied TI material due to it simple band 
structure and well defined Dirac point. A lot of transport characterization studies 
have been done on Bi2Se3 in order to assess its suitability as a possible TI material 
for device applications. A thorough analysis of MBE grown Bi2Se3 films was 
done by Sean Oh’s group at Rutgers.[22] They found that the Bi2Se3 films show a 
metallic behavior, but the carrier concentration and mobility is independent of 
temperature as shown in figure 2-9. They also observe a non-linear Hall signal, 




Figure 2-9: Characterization of MBE grown Bi2Se3 showing thickness 
independent behavior.[22] 
 
Bi2(SexTe1-x)3 nanowires grown using chemical vapor deposition by Yi Cui’s 
group at Stanford shows a strong weak antilocalization behavior with a large 
phase coherence length of ~200 nm, indicating a significant surface state 




Figure 2-10: Transport characterization of Bi2(SexTe1-x)3 nanowires indicating 
strong weak antilocalization.[24] 
 
One of the first works to reduce the contribution of the bulk channels was 
from Ando’s group, which used the single crystal quaternary alloy based on Bi-
Sb-Te-Se (BSTS) to demonstrate an insulating behavior from the bulk of the TI, 
as seen from the resistance vs. temperature plot of figure 2.11.[25] However, the 
measurements were directly performed on bulk crystals without fabricating 




Figure 2-11: Bulk insulating behavior if BSTS by Ando group.[25] 
 
Currently, the research direction in TIs has shifted more towards 
applications in spintronic devices, which uses the spin momentum locking of the 
surface state. There have been recent experimental demonstrations of spin-
momentum locking by in TIs.[7, 26, 27] The next section examines the spin 
momentum locking in TIs in detail. 
2.5 Spin momentum locking in topological insulators 
The large spin orbit coupling in TIs results in the electron spin of the 
surface state to be locked perpendicular to its momentum. In k-space, this is 
analogous to the spin being perpendicular to the k-vector. Figure 2-12 shows the 
spin texture of the TSS in k-space, demonstrating the spin momentum locking 
direction of the top and bottom surfaces, respectively. The spin is locked in-plane 













Figure 2-12: Spin texture in TI in k-space showing the spin momentum locking of 
the surface states. 
 
2.5.1 First experimental demonstration of spin locking in Bi2Se3 
The first experimental transport demonstration of the spin-momentum 
locking in Bi2Se3 was in 2014.[7] In this experiment, the authors demonstrated a 
direct electrical detection of the bias current-induced spin polarization in Bi2Se3, 
as a voltage signal measured on a ferromagnetic metal through a tunnel barrier 
used as the detector. The usage of a ferromagnetic detector enables the reliable 
determination of the spin-polarization. The authors make use of two different 
ferromagnetic structures, namely Fe/Al2O3 and Co/MgO/graphene as the voltage 
detectors. The purpose of the oxide layers is to eliminate any direct magnetic 
exchange interaction between the ferromagnet and the TSS. Figure 2-13 shows 




Figure 2-13: Device structure used for detecting spin momentum locking in TI. 
The use of a FM voltage detector enables detection of the current induced spin 
polarization of the TSS.[7]  
 
The basic idea behind the measurement technique is that when the current 
flows through the Bi2Se3, and in-plane magnetic field perpendicular to the current 
direction is applied, the spin of the TSS will align either parallel or anti-parallel to 
the magnetization of the ferromagnetic (FM) detector, due to the spin momentum 
locking property of the TSS. When the magnetic field is swept from the positive 
to the negative values, the magnetization of the FM detector will follow the field 
direction, depending on its coercivity. However, the spin of the electrons in the TI 
will follow the current direction, due to spin-momentum locking. Thus, when the 
magnetization of the FM detector reverses its sign, its alignment with respect to 
the spin direction of the TSS will change from parallel to anti-parallel, resulting in 
the appearance of a hysteresis in the field sweep scan, as seen in figure 2-14(a-d). 
The observation of a hysteretic switching behavior thus indicates the presence of 
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the spin-polarization of the TSS. On reversing the current direction, the spin 
momentum locking of the TSS also reverses. As a result, the hysteretic behavior 
also will reverse when the current direction is reversed as seen in figure 2-14(a-c) 
and 2-14(b-d).  
 
Figure 2-14: Voltage signal demonstrating the current induced spin polarization 
in TI. Clear hysteresis is observed when the magnetic field is perpendicular to the 
current direction. The hysteresis signal is reversed on reversing the current 
direction. No hysteresis signal is observed when the external field is parallel to 
the current direction.[7] 
 
However, no hysteresis signal will be observed when the external field is 
parallel to the current direction, since the spin of the TSS will remain 
perpendicular to the magnetization of the FM detector at all field values, as seen 
in figure 2-14 (e-f). These measurements directly demonstrated the spin-
momentum locking property of the TSS. Similar reports by other groups have 




However, there is no definite consensus on the exact origin of the 
observed hysteresis signal. Recently, there was a report demonstrating that the 
observed spin-momentum locking signal can arise from fringe field induced Hall 
voltages.[32] In this work, the authors propose a novel device geometry which 
consists of a Hall bar patterned geometry with ferromagnet detector, in order to 
obtain similar hysteretic loops to the previous studies.[7, 26, 27, 29, 30] The 
device design used by the authors enabled additional design flexibility enabling 
the decoupling of the spin and current paths which offers a unique possibility to 
investigate additional magnetoresistive effects occurring in the TI channel which 
could lead to the observed signal behavior. Surprisingly, the authors obtained a 
hysteresis signal in the measurement when the external field was parallel to the 
current direction, for which no spin locking hysteretic signal is expected. They 
also obtain similar hysteresis signal for the external field perpendicular to the 
current direction as well, as expected from TI spin locking. From these 
investigations, the authors demonstrate that the voltage signal obtained when the 
applied field is parallel and perpendicular to the current direction exhibits features 
which cannot be attributed to the spin polarization alone. The authors also show 
that similar features can result from Hall voltages generated by the fringe fields 
from the FM detector in proximity to the TI channel. The device geometry and 




Figure 2-15: The device structure and measurement geometry for TI channel with 
FM detector demonstrating the signal corresponding to the current induced spin 
polarization of the TSS.[32] 
 
These fringe fields are present for all the different measurement 
geometries and lead to the development of local Hall voltages perpendicular to the 
current due to the small geometrical misalignment of the contacts. The existence 
of the fringe field induced voltages present in all measurement geometries 
indicate that it may be incorrect to completely attribute the observed voltage 
signal to the current induced spin polarization of the TI channel. These findings 
cast a shadow of doubt to the interpretation of the observed signals in the 
transport experiments demonstrating the spin momentum locking of the TI. These 
observations thus call for fresh experimental efforts and more careful 




2.5.2 Magnetization switching using topological insulators 
Having demonstrated the existence of the TSS in an electrical 
measurement, the next logical question arises whether we can use the spin-
polarization of the TSS to switch a ferromagnet (FM)? The answer turns out to be 
yes as demonstrated in 2014 by Kang Wang’s group.[33] In this work, the authors 
demonstrate the switching of the magnetization of Cr-doped TI film 
(Cr0.08Bi0.54Sb0.38)2Te3, which functions as the FM layer, using the spin-polarized 
current flowing through the TI (Bi0.5Sb0.5)2Te3, as shown in figure 2-16. The 
demonstration of switching can lead to exciting applications of TIs in spintronic 
devices.  
 
Figure 2-16: Current induced magnetization switching in 
(Bi0.5Sb0.5)2Te3/(Cr0.08Bi0.54Sb0.38)2Te3 heterostructure at constant in-plane 





In this chapter, the physics of TIs was discussed. The QHE was introduced 
as the first state which does not involve symmetry breaking with a topological 
classification of the edge currents and the TSS was shown to be similar to the QH 
state. The key physical properties of TIs like spin momentum locking and absence 
of backscattering was discussed, and the first experimental realization of TIs was 
introduced. Finally, a brief review of the experimental progress in TIs was 





Chapter 3  Experimental methodology 
In this chapter, the experimental methodology for transport measurements 
reported in the thesis is described, which includes material growth, device 
fabrication, and electrical measurements setup. 
3.1 Topological insulator materials 
The most commonly used TI materials are Bi2Se3, Bi2Te3, and Sb2Te3. 
These compounds belong to the chalcogenide class with a hexagonal tetradymite 
crystal structure. Figure 3-1(a) shows the scanning electron microscopy image of 
Bi2Te3 crystals grown by chemical vapor deposition (CVD). The hexagonal lattice 
gives rise to hexagonal shaped crystals. Figure 3-1(b) shows the atomic force 
microscope image of a hexagonal Bi2Te3 crystal with a thickness of 190 nm, 







Figure 3-1: (a) Scanning electron microscope image of CVD grown Bi2Te3. The 
layered structure of Bi2Te3 is clearly visible. (b) Atomic force microscope image 
of CVD grown Bi2Te3, with thickness 190 nm. 
 
The binary compound materials like Bi2Se3, Bi2Te3, and Sb2Te3 suffer 
from various defects, which diminish their properties as TIs. In order to overcome 
this issue, we mostly use the quaternary compound BiSbTeSe2 (BSTS) as the 
33 
 
candidate TI material in this thesis. The advantage of the quaternary alloy BSTS 
over the binary chalcogenides is that compensation of the defects takes place, 
which cancels out each other and results in much better transport properties. The 
superior transport properties of BSTS over the binary chalcogenides will be 
discussed in detail in chapter 4. 
The BSTS compound used for studying TI properties was grown by Prof. 
Wang Lan’s group by the modified Bridgeman technique.[34] The BSTS crystal 
grown by this method is single crystalline. The method involves the use of high 
purity (99.9999%) Bi, Sb, Te, and Se in the molar ratio 1:1:1:2, which are mixed 
together thoroughly and reacted at 950  C for one week in an evacuated quartz 
tube in a box furnace. The temperature is then decreased to room temperature 
over three weeks, with different cooling rates at different temperatures. The 
obtained crystals are flat and display a shiny surface as shown in figure 3-2. The 
bulk crystal is used as the source for the BSTS flakes which are studied in this 





Figure 3-2: Bulk BSTS crystal grown by modified Bridgeman technique. 
 
3.2 Mechanical exfoliation of BSTS 
The technique of mechanical exfoliation using Scotch tape was used to 
transfer the flakes of the bulk BSTS single crystal onto a Si substrate with 300 nm 
SiO2. This technique was popularized for graphene by Novoselov and Geim.[35] 
Scotch tape exfoliation has been successfully applied for 2D layered materials 
like boron nitride (BN),[36] molybdenum disulfide (MoS2),[37] tungsten disulfide 
(WS2),[38] and 3D TIs.[39] The procedure involves the use of Scotch tapes to 
mechanically exfoliate from a bulk single crystal and subsequently transfer the 
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exfoliated crystal flakes onto the substrate by pressing the tape onto the substrate. 
The van der Waals bonding between the Si/SiO2 substrate and the BSTS flakes 
enables the easy transfer of flakes onto the Si/SiO2 substrate. Figure 3-3 shows a 




Figure 3-3: BSTS flake with thickness 95 nm exfoliated onto a Si/SiO2 substrate. 
The rectangles are alignment markers to enable easy identification of the BSTS 
flake. 
 
It is very important to have clean substrates before exfoliation. In order to 
clean the Si/SiO2 substrate, it is first immersed in a solution of acetone inside an 
ultrasonic bath for 15 minutes. Following this, the substrate is then immediately 
immersed in isopropanol and ultrasonicated for further 15 minutes. Finally, it is 
washed under deionized water and blow dried using a nitrogen gun. Subsequently, 
it is heated at 100 C in a hot plate to remove volatiles and any residual water 
drops. The substrate is then ready for exfoliation. 
The major requirement for efficient exfoliation is the presence of van der 
Waals bonding in the crystal lattice of the material. Since the van der Waals 
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forces are weak compared to the covalent bonding, exfoliation allows us to 
separate the individual layers from the bulk crystal into flakes or crystals of 
nanometer level thickness. 
Figure 3-4 shows the crystal structure of the TI material Bi2Te3 divided 
into individual units known as quintuples. An important unit used in describing 
the thickness of TIs is a quintuple layer (QL). Quintuples are the structural units 
separated from each other by a van der Waals gap. One quintuple (1 QL) 
corresponds to approximately 1 nm. The crystal structure of Bi2Te3, Bi2Se3, 
Sb2Te3 and their alloys like BSTS are all composed of various quintuples coupled 
by weak van der Waals bonding, allowing them to be easily cleaved using Scotch 
tape techniques and transferred onto a suitable substrate.  
 
Figure 3-4: Crystal structure of Bi2Te3 showing the various quintuple layers 
separated by a van der Waals gap.[40] 
 
The thickness of the BSTS flakes transferred onto the Si/SiO2 substrate is 
characterized by Atomic force microscopy (AFM). Figure 3-3 shows the AFM 
image of a BSTS flake exfoliated onto a Si/SiO2 substrate. The thickness of the 
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exfoliated flakes can vary between 50 to 100 nm. The typical BSTS flake does not 
have a smooth surface, but made up of various steps due to its quintuple structure. 
Once the flakes are exfoliated onto the substrate, electrodes are patterned onto the 
flakes using photolithography. Figure 3-5 shows the AFM image of a device 




Figure 3-5: AFM image of a device fabricated on an exfoliated BSTS flake with a 
thickness of 80 nm. 
 
3.3 Device fabrication 
In order to characterize the transport properties of BSTS, field effect 
transistor (FET) devices are fabricated on the exfoliated flakes using 
photolithography. Photolithography is a technique for fabricating devices on a 
substrate. It involves the application of a photoresist onto the substrate. The 
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peculiar property of the photoresist is that it changes its property on exposure to 
ultraviolet (UV) light. For a positive photoresist, the area exposed to the UV light 
becomes soluble in a developer solution. This allows the selective removal 
(patterning) of the photoresist in order to enable deposition of metal at the areas 
for electrical contacts. 
For patterning the BSTS flakes on the Si/SiO2 substrate, we first select an 
appropriate flake under the microscope identified by an alignment marker. The 
alignment markers are deposited on the Si/SiO2 substrate prior to exfoliation. The 
purpose of the alignment markers is to enable the easy identification of the 
selected flakes for photolithography. After exfoliating the BSTS flakes onto the 
Si/SiO2 substrate, photoresist is dropped onto the substrate and spin coated at 
6000 rpm for 45 seconds in a spin coater machine. This process enables the 
uniform coating of the photoresist on the substrate. The substrate is now ready for 
the next step which involves mask alignment and ultraviolet (UV) exposure. 
Using the alignment markers as the reference, the substrate is positioned in 
the mask aligner in such a way that only selective areas of the flake are exposed to 
the incident UV light. Mask aligning is then used to expose the selective areas of 
the substrate to UV light, as defined by the mask pattern. After UV exposure, the 
substrate is ‘developed’ in a developer solution (AZ300 MIF) for 15 seconds, 
which dissolves out the exposed regions of the photoresist. Once the photoresist 
has been removed from the exposed area, the pattern is clearly visible on the 
substrate. The substrate is then transferred into a metal evaporator for metal 
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deposition, which forms the electrical contacts. Figure 3-6 shows the various 
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Figure 3-6: Photolithography steps involved in TI device fabrication. 
 
3.3.1 Metal deposition 
The technique of evaporation is used to deposit metallic electrodes onto 
the patterned areas. Metal evaporation can be done using electron beam or 
thermal evaporation. Electron beam evaporation involves the use of an electron 
beam to heat the source which subsequently deposits on the substrate. Thermal 
evaporation involves the heating up of a source material by passing electric 
current. A large vacuum is required for this process. When the material is 
sufficiently heated, it starts ‘boiling’ and the vapors are allowed to condense onto 
the substrate. It resembles the process of boiling water with a lid where droplets 
of water are found to condense onto the lid. A sufficiently low vacuum (~ 10
-8
 
Torr) is used to enable efficient evaporation. This allows the evaporated 
molecules to deposit directly onto the substrate without colliding with the 
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background gas. Evaporating in poor vacuum conditions results in non-uniform 
deposition and gives a fuzzy appearance to the deposited metal film. For the 
BSTS flakes used in this study, the typical metal deposited for electrical contacts 
is Cr (10 nm)/ Au (150 nm). The function of the 10 nm Cr layer is to improve the 
adhesion of the Au. Au is a very stable and oxidation resistant metal which is 
found to achieve good electrical contact with BSTS. Good quality metal contacts 
are essential to get clean signal quality in the electrical transport measurements. 
Figure 3-7 shows the image of the evaporator used for metal deposition. 
 





After metal deposition onto the substrate, a lift-off process is used to 
remove the remaining photoresist. Lift-off involves immersion of the substrate in 
acetone solution which dissolves the photoresist. The lift-off process is crucial 
and needs to be performed very carefully since the BSTS flakes on the substrate 
are susceptible to come out during this step. In order to avoid removal of the 
BSTS flakes during liftoff, the substrate is immersed in acetone and allowed to 
remain overnight. It is then immersed in an ultrasonic bath which helps to cleanly 
remove all the photoresist on the substrate. Great care must be taken in order to 
avoid removing the BSTS flake. After all the photoresist has been removed from 
the substrate, it is immersed in isopropanol to remove the acetone residue. The 
isopropanol is removed by blow drying with a nitrogen gun and the substrate is 
baked at 100 C for 15 mins to remove the volatiles and achieve good electrical 
contacts. The final device structure after lift-off is shown in figure 3-8. The 







Figure 3-8: Optical image of a device fabricated on a BSTS flake using 




3.4 Measurement techniques 
The transport measurements on the TI devices are performed by DC 
currents using a Keithley 2400 sourcemeter as the current source and Keithley 
2002 multimeter as the voltage measurement source as shown in figure 3-9. A 
current of ~ 10 – 100 μA is passed through the source and drain outer contacts 
using the 2400 sourcemeter. The voltage is measured across the inner voltage 
probes using a 2002 multimeter for performing four probe resistance 
measurements. For Hall measurements, the multimeter is connected across the 
transverse voltage probes to measure the Hall resistance. For back gating 
measurements, a Keithey 6430 sub-femtoamp sourcemeter is used, which has a 
superior resolution to the 2400 sourcemeter. For the gating measurements, the 
source is grounded and the n-doped Si substrate is used as the back gate. The n-Si 
substrate is heavily doped (0.001 to 0.005 ohm-cm) to make it conducting in order 
to efficiently function as the gate contact. The used gate oxide is 300 nm SiO2. 











Figure 3-9: Measurement schematic of TI devices using Keithley 2400 as current 
sourcemeter and Keithley 2002 as multimeter and Keithley 6430 for applying gate 
voltage. 
 
Since the properties of TI surface states are visible only at low 
temperatures (< 50 K), most transport measurements are performed in a low 
temperature environment. In order to control the environmental temperature and 
magnetic field, a commercial variable temperature cryostat equipped with a 9 T 
superconducting magnet (Quantum Design, Physical Property Measurement 
System, PPMS) was used, as shown in figure 3-10. The PPMS allows us to cool 
down the sample down to 2 K using a liquid He bath. The liquid He bath can 
initially cool the sample down to ~7 K through controlled heat exchange with the 
vacuum sealed sample area, and further cooling can be done by an impedance 
assembly. The PPMS main probe provides 12 electrical connections, which are 
connected to the sourcemeter and multimeter units through a switch box for 
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performing electrical measurements using custom built LabVIEW programs. In 
order to measure the devices, they are carefully loaded into the PPMS sample 
chamber and fixed into the PPMS main probe connected to the Keithley source-
measure units. This allows us to easily measure the sample properties inside 
PPMS environment at very low temperatures (down to 2 K) and large magnetic 
fields (up to 9 T). 
 
Figure 3-10: Physical property measurement system (PPMS) used for performing 
transport measurements at low temperatures (down to 2 K) and large magnetic 




3.4.1 I-V characterization 
The contact resistance between the deposited metal and the TI is one of 
the important parameters governing the device behavior. Poor quality contacts 
result in poor devices with large noise amplitudes in the transport measurements.  
A good device is indicated by ohmic contacts, which displays a linear I-V 
curve, as seen in figure 3-11(a). A non-linear I-V curve, as seen in figure 3-11(b) 
indicates a large contact resistance due to poor electrical contacts. The primary 
consideration for ohmic contact is that the metal should have a work function 
smaller than the work function of the semiconductor. Due to the large work 
function of Bi2Se3 (~5.5 eV),[41] most metals will form an ohmic contact. In this 
thesis, gold was primarily used as a contact material due to its superior resistance 
to environmental degradation. In fact, ohmic contacts are observed even for 
copper electrodes .There is no difference in the materials or process for the 
samples shown in figure 3-11(a) and (b). The reason for the different behavior 
comes mainly from the BSTS flake interface quality and roughness. For clean 
interface with low flake roughness, ohmic contacts are obtained. However, if the 
interface is dirty (due to resist residue or oxidation) or the flake roughness is 
large, the metal adhesion is poor the BSTS-Au contact becomes non-ohmic, as 
seen in figure 3-11(b).  
Devices having a large contact resistance, which can be larger than 20 kΩ, 
result in poor signal quality. Hence, the I-V measurement is a useful 
characterization technique to determine the quality of the fabricated device before 
proceeding with the detailed transport measurements. All of the measurements 
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and the data displayed in subsequent chapters are taken from devices displaying 
linear I-V characteristics with very small contact resistances. 
































Figure 3-11: (a) BSTS device showing linear I-V curve indicating ohmic contacts. 
(b) BSTS device showing non-linear I-V curve due to a large contact resistance. 
 
3.4.2 Determination of carrier concentration 
Hall measurements are performed to determine the carrier concentration 
and mobility in the BSTS samples, by fabricating devices in Hall bar geometry as 
shown in figure 3-12(a). A Hall voltage develops across the BSTS flake when an 
external magnetic field is applied, due to the Hall effect. The Hall voltage curve is 
plotted as a function of the external magnetic field, which is used to determine the 
carrier concentration. The transverse Hall voltage signal measured from the BSTS 
devices is anti-symmetrized in order to remove the longitudinal voltage 
component. Figure 3-12(b) shows the Hall resistance curve for a BSTS Hall bar at 
2 K. The slope of the Hall curve is used for determining the carrier concentration 
and mobility. The negative sign of the Hall slope indicates that the carriers are 
























Figure 3-12: (a) BSTS Hall bar for measuring Hall resistance and four probe 
resistance. (b) Hall resistance curve with linear fit for BSTS at 2 K. 
 
3.5 Raman measurements on BSTS 
In addition to the electrical transport characterization, Raman 
spectroscopy was used to characterize the BSTS flakes to further assess their 
properties. Raman spectroscopy is a technique used to obtain information about 
the vibration states of molecules and is an extremely sensitive characterization 
technique. Raman spectroscopy has proven to be the most reliable tool for 
counting the number of atomic planes in graphene.[42] In case of TIs, Raman 
measurements can provide an indication of the crystal quality.[43, 44]  
For Raman spectroscopy, the sample is illuminated by a laser beam. Most 
of the light incident on the sample is elastically scattered, known as Rayleigh 
scattering. This wavelength is filtered out by the Raman spectroscopy apparatus. 
A very small portion of the incident light is inelastically scattered, known as 
Raman scattering. The Raman scattered light carries information about the 
vibration state of the molecule. 
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The utility of Raman measurements in characterizing solids is the easy 
identification of phonon modes which is a fingerprint of the molecular structure. 
The phonon vibration modes correspond to the peaks of the Raman spectra and 
can be used as tools for identifying a particular molecule. The phonon vibration 
modes are shown in figure 3-13, where Eg indicates in-plane vibrations and A1g 
indicates out-of-plane vibrations. 
 
 
Figure 3-13: Phonon modes of molecular vibrations involved in Raman 
scattering.[43] 
 
Figure 3-14(a) shows the Raman spectra of BSTS measured at room 
temperature using a micro-Raman spectrometer in the backscattering 
configuration excited with a solid state green laser with λ = 532 nm and spatial 
resolution of 1 cm
-1
. It indicates the A1g
1









 mode at 160 cm
-1
. The sharp and well defined Raman peaks 
indicate the good crystal quality of BSTS. The corresponding peaks for a single 
crystal Bi2Te3 flake are shown in figure 3-14(b)[43] for comparison. 
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Figure 3-14: (a) Raman spectra of a BSTS single crystal flake at an excitation 
power of 100 μW. (b) Raman spectra of a Bi2Te3 single crystal flake at an 
excitation power of 250 μW.[43] 
 
3.6 Conclusion 
In this chapter, the various experimental processes like material growth, 
mechanical exfoliation, device fabrication, and electrical measurement setup were 
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discussed. Photolithography and metal evaporation are used to fabricate TI 
devices for studying transport properties. Electrical characterizations are 
performed at low temperatures using the physical property measurement system. 




Chapter 4  Fundamental transport properties of 
topological insulators 
In this chapter, the fundamental transport properties of TIs are discussed. 
The key characteristic of TIs which makes them exciting materials to study is the 
absence of backscattering and spin-momentum locking of the surface states. 
Backscattering is forbidden in order to satisfy the requirements of time reversal 
symmetry. The spin-momentum locking of the surface states is a consequence of 
the large spin orbit coupling, as discussed in chapter 2. 
4.1 Topological surface state (TSS) 
An important property of the TSS is the topological protection against 
backscattering. Figure 4-1 shows the energy dispersion of the surface state of a 
3D TI. There are three main aspects to the concept of topological protection.[45] 
The first is a consequence of the Z2 topological invariant, which guarantees the 
existence of gapless surface states as long as time reversal symmetry is 
preserved.[4] The second aspect comes from the helical spin-polarization, which 
results in the spin eigenvalues of the states with wavevectors k and –k to be 
opposite. Hence, the electrons cannot scatter from the state k to the state –k 
because of spin mismatch. The third is the π Berry phase associated with the 
massless Dirac fermions,[46] which protects them from a weak localization 
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through a destructive interference of time reversed paths. These three aspects 
result in the topological protection of the surface state from backscattering. 
 
Figure 4-1: Energy dispersion of the surface state of a 3D TI forming a 2D Dirac 
cone. The helical spin-polarization forbids backscattering from k to –k.[45] 
 
The successful technological application of TIs is inherently linked to their 
transport properties. Transport measurements on TIs primarily seek to distinguish 
the surface state from the bulk state. In the TI material Bi2Se3, Se vacancies are a 
major source of the defects which result in increasing the bulk conductivity.[19, 
23, 47, 48] A major aspect of the experimental effort in TIs is dedicated to 
devising methods for reducing the bulk conductivity, thus making it easier to 
access the surface state in transport measurements.[23-25, 34, 49-52] Electrical 
gating, doping and low temperature are some of the techniques used to minimize 
the bulk conductivity. However, obtaining a perfect TI material still remains a 
major experimental challenge. 
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4.2 Bulk contribution to transport in TIs 
The surface state in TIs is similar to graphene, which also displays a linear 
Dirac band.[53] However, unlike graphene where the chemistry of carbon atoms 
naturally places the Fermi level at the Dirac point, the presence of vacancies and 
defects in TIs like Bi2Se3 invariably results in the Fermi level lying inside the 
conduction band, as shown in figure 4-2(a). As a result, the material behaves like 
a weak metal instead of a bulk insulator. The metallic behavior of the bulk makes 
it extremely challenging to detect the surface state, since the majority of the 
current flow through the bulk. One of the methods to overcome this issue is to use 
a clever combination of alloying elements to bring the Fermi level outside the 
conduction band, so that bulk becomes non-metallic. Alloying elements like Sb 
and Te are added to Bi2Se3, to bring the Fermi level into the bandgap region so 
that the surface contribution becomes dominant. The quaternary compound 













Figure 4-2: (a) Bandstructure of Bi2Se3 (Fermi level lies inside conduction band). 
(b) Bandstructure of the quaternary compound BiSbTeSe2 (BSTS) (Fermi level is 




Figure 4-3 shows the variation in resistance of Bi2Se3 and the quaternary 
alloy BSTS as a function of temperature. The sample thickness for Bi2Se3 is ~50 
nm and for BSTS is ~80 nm. Both of these are exfoliated flakes, with cross 
sections around 40 μm × 40 μm. In a metal, electron-phonon scattering plays the 
major role in determining the resistance behavior. Electron-phonon scatterings 
decrease as the temperature decreases, which results in the decrease of resistance 
as temperature decreases. This behavior occurs in Bi2Se3, as seen in figure 4-3(a), 
indicating its metallic nature. For a semiconductor or insulator, the major factor 
governing the resistance is the thermal activation of the ionized carriers. As the 
temperature decreases, the concentration of ionized carriers reduces, resulting in 
an increase in the resistance. We find this behavior in BSTS as shown in figure 4-
3(b), indicating its non-metallic nature. The increase in the resistance in BSTS as 
the temperature is lowered is due to freezing of the impurity band carriers in the 
bulk which agrees with previous works in (Bi,Sb)2Te3 flakes [48, 54] and Bi2(Se, 
Te)3 [51, 55] single crystals. Thus, we see that BSTS shows a non-metallic 
behavior whereas Bi2Se3 shows a metallic transport behavior, implying that in 
Bi2Se3, most of the current flows through the bulk of the material. 
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Figure 4-3: Comparison of Resistance vs. temp curves between (a) Bi2Se3 and (b) 
BSTS. 
 
The resistance vs. temperature (R vs. T) curve of BSTS, which shows non-
metallic behavior from room temperature until 50 K indicates a lower 
contribution from the bulk as compared to that from Bi2Se3. Below 50 K, the 
resistance of BSTS starts to decrease as the temperature is lowered, indicating the 
appearance of metallic behavior. The metallic behavior appears from the metallic 
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surface state transport, which becomes visible only when the bulk contribution is 
significantly reduced. The resistance eventually saturates below 10 K indicating 
metallic surface state dominated transport. The observation of saturation in the 
resistance is a good indicator of dominant surface contribution to transport.[56] It 
is not seen in Bi2Se3, where the bulk contribution remains dominant down to 2 K. 
4.3 Evolution of carrier density and electron mobility 
in BSTS with temperature  
Hall measurements were performed on the BSTS Hall bar device to 
determine the carrier density and electron mobility. The evolution of carrier 
density and mobility with temperature in BSTS is shown in figure 4-4. As the 
temperature is reduced, impurity carriers get frozen resulting in a decrease in the 
carrier concentration. The carrier concentration at room temperature (300 K) is 
almost six times larger than the carrier concentration below 100 K due to thermal 
activation of carriers. The mobility increases by a factor of almost four times as 
temperature is lowered to 100 K. At low temperature, the reduced electron-
phonon scattering, small carrier density, and surface dominated transport results 
in an increased mobility. Electron-phonon scattering sets the intrinsic limits to the 
carrier concentration and mobility at temperatures below 100 K.[57-59]  
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Figure 4-4: Variation of (a) carrier density and (b) mobility of BSTS as a function 
of temperature. 
 
In order to perform a more detailed analysis of the relative contribution of 
surface and bulk carriers, a multi-carrier model was used to fit the carrier density 
data.[60] Based on the multi-carrier model, the individual carrier densities 
contributed by the surface (ns) and bulk (nb) was extracted as shown in figure 4-
5(a), which shows that the carrier modulation comes predominantly from the 
bulk. The surface carrier density is found to remain almost constant. The relative 
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bulk contribution was found to decrease by almost 10 times as temperature was 
decreased from 300 K to 2 K, as seen in figure 4-5(b). 







































Figure 4-5: (a) Variation of bulk and surface carrier density and (b) relative bulk 
carrier contribution as a function of temperature. 
 
4.4 Ambipolar transport in TIs 
Observation of ambipolar transport characteristic (Dirac point) is an 
indication of 2D surface transport.[61] The Dirac point is the crossing point of the 
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linearly dispersing surface states in the E-k diagram. At the Dirac point, the 
density of states is zero and the carriers behave like massless relativistic particles 
known as Dirac fermions, which are described by the Dirac equation.[53] The 
Dirac point is revealed in transport properties when the Fermi level transitions 
from the electron-dominated transport regime to hole-dominated transport regime. 
The Dirac point can be observed by modulating the gate voltage in transport 
measurements where the carrier type changes from electrons to holes. For the 
gating measurements, SiO2 is used as the gate dielectric, which can tune the 




.[62] Using a back gate to tune the Fermi level 
across the Dirac point in the E-k diagram results in a crossover between electron 
and hole dominated transport, which manifests as a peak in the resistance value in 







Figure 4-6: Resistance peak is seen when Fermi level (EF) intersects the Dirac 
point. At this point the transport occurs from massless Dirac fermions. SS denotes 
the surface states. 
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Typically, the Dirac point in Bi2Se3 samples has only been observed when 
the thickness is very small i.e. less than 17 nm.[39, 54] This is because decreasing 
thickness increases the surface to volume ratio, which results in a large surface 
contribution to transport. Small thickness requirement is the major limitation of 
materials based on Bi2Se3, as it is challenging to exfoliate thin flakes.  
However, in our BSTS samples, where the bulk contribution to transport is 
much lower than in B2Se3, the Dirac point can be observed even for samples 
where the thickness exceeds 50 nm. Figure 4-7 shows the Dirac point observed in 
a gate voltage modulation of resistance from a BSTS sample at 2 K, whose 
thickness is ~80 nm. The sample characterized in figure 4-7 has a Dirac point at 
Vg = +7 V, indicating holes as the majority carrier type, as opposed to the sample 
characterized in figure 3-12 which has electrons as the majority carrier type. This 
indicates that the exfoliated BSTS flakes from the bulk crystal can display both p-
type and n-type behavior, depending on the local composition profile. The 
observation of Dirac point indicates that the metallic surface contribution is 
dominant in BSTS at 2 K. 
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Figure 4-7: Observation of ambipolar transport (Dirac point) in BSTS at 2 K 
using back gating. 
 
In order to study the effect of temperature on the ambipolar behavior of 
BSTS, gating measurements were performed by varying the temperature 
systematically from 2 to 250 K, as shown in figure 4-8. It is seen that the Dirac 
point loses its sharpness as temperature increases. This is due to the increased 
bulk contribution due to a significant increase in the carrier density. As the 
temperature increases, the bulk carrier density increases due to thermal activation 
and the sample begins to become more metallic. As a result, the gate loses its 
ability to modulate the carrier concentration in the TI channel at high 
temperatures. Eventually, the resistance value remains almost unchanged with 
gate modulation at 250 K, and no signatures of the 2D surface transport are 
visible. The reason for the Dirac peak shift at different temperatures is not clear. It 
could be attributed to the variations in local electrostatic potentials as the 
temperature changes.  
62 
 































Figure 4-8: Evolution of Dirac point in BSTS with temperature from 2 to 250 K 
using back gating. The Dirac point loses its sharpness and eventually disappears 
as temperature increases. 
 
The linear Dirac dispersion of the TSS is similar to the linear band 
structure of graphene. Both graphene and the TSS consist of massless Dirac 
fermions as the carrier type at the Dirac point. This results in many similarities in 
the transport properties of TI and graphene. Previous studies in graphene have 
found that close to the Dirac point, the energy landscape becomes highly 
inhomogeneous, which breaks up the surface into charge puddles of holes and 
electrons.[63-66] This simplistic picture has helped in understanding the results of 
various transport and scanning probe experiments in graphene. The existence of 
charge puddles in TIs has also been demonstrated by scanning tunneling 
microscopy in Bi2Se3.[67] The presence of charge puddles in the sample results in 
unintentional doping which pushes up the Fermi level away from the Dirac point, 
making it difficult to access the Dirac point in gating measurements.[68, 69] In 
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many cases, we observe no clear minimum conductivity in gating experiments. 
Instead the resistance value saturates at large gate voltages and no peak is 
observed, as shown in figure 4-9.  
Charge puddles are regions in the sample where the local carrier density 
varies significantly from the average carrier density of the sample. These can be 
local regions in the sample where the there is a significant accumulation of 
electron or holes. They are also known as electron hole puddles. The major effect 
of charge puddles in carrier transport is the inability to observe the Dirac point in 
gating experiments in TIs, as shown in figure 4-9. Instead of a peak, the resistance 
saturates at high gate voltages, thus fundamentally limiting the carrier transport 
properties of TIs. Hysteresis can also be observed in the gate voltage sweep due to 
charge puddles. The process of mechanical exfoliation and environmental doping 
can introduce charged impurities into the sample, which can locally dope certain 
regions in the TI material. This local doping can alternate between p-type and n-
type regions. These local p-type and n-type regions in the TI material can 
significantly affect the carrier transport due to the interactions of their local 
depletion regions. The electrical interactions between the local p and n regions 
can make it difficult to observe the Dirac point in transport measurements. These 
charge puddles thus serve as sources of additional carriers which has the effect of 
reducing the overall surface state contribution to the charge transport in TIs. The 
charge puddles are also responsible for reducing the mobility of the carriers. Thus, 
the charge puddles serve as the fundamental limiters to the carrier transport, 
limiting both the mobility and the access to the Dirac point. One of the methods to 
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control charge puddles is to cap the samples immediately after exfoliation to 
prevent environmental doping. 




















Figure 4-9: Resistance saturation in back gating measurements in BSTS 
indicating charge puddles. 
 
In figure 4-9, the resistance is found to increase linearly with gate voltage 
and saturates below -80 V, with no clear Dirac point seen. The linear dependence 
of the resistance with gate voltage can arise from the presence of charge 
puddles.[39] The charge puddles create local fluctuations in carrier densities 
which are larger than the average carrier density.[70] This results in the existence 
of a minimum conductivity (saturation in resistance) μen=σ *min , where n
*
 is the 
characteristic density of carriers in the charge puddles. When the conductivity 
minimum (resistance saturation) is reached, no further gate tuning is possible, as 
seen in figure 4-9. The effect of charge puddles in gating measurements is studied 
in further details in Chapter 6. 
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4.5 Magneto-transport properties of TIs 
Magneto-transport measurements are fundamental to studies in TIs. 
Numerous studies have been devoted to studying magneto-transport in TIs [24, 
55, 71-78]. The main reason for the interest in studying magneto-transport 
properties is because specific surface state signatures can be obtained in the 
presence of magnetic field without having to tune through the Dirac point or 
measure the spin polarization of the current.[61] This simplifies the transport 
study of TIs. The most prominent magneto-transport signature of TIs is the 
phenomena of weak anti-localization, which is a consequence of the large spin-
orbit coupling and absence of backscattering in the surface states. The concept of 
weak anti-localization is discussed in the next section. 
4.5.1 Weak anti-localization 
Weak anti-localization is the inverse of the more well studied weak 
localization effect. In quantum mechanics, weak localization is an interference 
effect between the incident and back scattered time reversed electron paths, as a 
consequence of the wave-like nature of the electrons. Since it is an interference 
phenomenon, it reflects the phase coherence between the incident and back 
scattered electron paths. The weak localization phenomenon is quantified by 
defining a phase coherence length φL  or a phase relaxation time φτ . The phase 
coherence between the incident and back scattered paths results in a correction to 
the conductivity. This correction is known as weak localization. Typically, the 
weak localization correction occurs due to the constructive interference between 
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the incident and back scattered electrons resulting in decrease in the overall 









xx .                                                                                 (4.1) 
The presence of magnetic impurities or an external magnetic field destroys 
the phase coherence between electrons. This destroys the weak localization 
phenomena. As a result, the conductivity increases and manifests itself as a 
decrease in the resistance on the application of an external field. This makes the 
weak localization phenomena a useful experimental characterization tool. Figure 
4-10 shows the physical mechanism of weak localization and its manifestation in 
magnetoresistance measurements. 
 
Figure 4-10: (a) Generation mechanism of weak localization. (b) 
Magnetoresistance effect of weak localization and weak anti-localization.[79] 
 
Sometimes, the inverse effect known as weak anti-localization (WAL) is 
observed due to large spin orbit coupling and absence of backscattering. In this 
case, due to the absence of backscattering, there is destructive interference of the 
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time reversed incident and backward electron paths. This results in a positive 
correction to the conductivity since the electrons get delocalized. On the 
application of magnetic field, the destructive interference effect is destroyed and 
backscattering can take place, which results in an abrupt increase in the resistance 
once the external field is turned on. Due to the absence of backscattering of the 
TSS, WAL is observed in magneto-transport measurements in TIs. Figure 4-11 
shows the WAL curve from a BSTS sample at 2 K, demonstrating an abrupt 
decrease in the resistance around zero field and an increase of the resistance once 
the magnetic field is turned on. 














Figure 4-11: Weak-antilocalization in BSTS at 2 K. 
 













































                                                    (4.2) 
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where ψ is the digamma function, B is magnetic field, 𝛼 is a prefactor and L𝛷 is 
the phase coherence length. 
From equation (4.2), two parameters are extracted. The first is 𝛼 which 
equals -0.5 for each 2D surface channel in a TI. The second parameter is the 
phase coherence length, which is the distance over which the waves retain their 
phase. The phase coherence length indicates the strength of the WAL phenomena. 
When the phase coherence length is larger than the electron scattering length or 
the mean free path, WAL effect is clearly observed. However, the phase 
coherence length decreases as temperature increases and when its value becomes 
less than the electron mean free path, the WAL is lost. The WAL in TIs is clearly 
observed at low temperatures below 50 K, where the phase coherence length (~ 
40 to 100 nm) is larger than the electron mean free path (~ 5 to 10 nm) and 
surface state transport is dominant, as shown in figure 4-12. 





















Figure 4-12: Weak anti-localization in BSTS from 2 K to 50 K. 
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Above 50 K, the WAL cusp is lost due to reduction in the phase coherence 
length and increased bulk channel contribution, and the MR curve displays a 
parabolic dependence on field, as shown in figure 4-13. The WAL phenomenon is 
discussed in greater detail in Chapter 5. 
















Figure 4-13: Loss of WAL in BSTS as temperature increases above 50 K. 
 
































































































































                                                                                                                            (4.3) 
, where B𝜙, Be and BSO are the respective phase relaxation, elastic scattering and 
spin orbit interaction magnetic fields. Using the relation 2
i
i λe4
=B  , where, 𝜆 is 
the corresponding length scale, the respective scattering lengths can be obtained. 
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Equation (4.3) was used to fit the WAL curve in figure 4-11 to obtain the fitting 
curve shown in figure 4-14. The values of phase coherence length, spin orbit 
length and elastic scattering length were obtained as 𝜆𝜙 = 110 nm, 𝜆SO = 9 nm, 𝜆e 
= 11 nm at 2 K, respectively and is consistent with previous reported values.[71]  
 
Figure 4-14: Complete HLN equation fit to the WAL in BSTS at 2 K. 
 
In TI samples which have a large surface state contribution, the WAL cusp 
is sharp and the MR is linear and non-saturating up to high fields. In the next 
section, we discuss the observation of linear and non-saturating MR, which is 
another characteristic property observed in magneto-transport studies in TIs at 
large magnetic fields. 
4.5.2 Linear magnetoresistance  
One of the consistent experimental observations in TIs is the occurrence of 
linear magnetoresistance (LMR).[71, 81-83] Linear and non-saturating 
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magnetoresistance is an interesting phenomenon because it can lead to large ON-
OFF ratios with potential applications in magnetic sensors.  
Previously LMR has been observed in various low bandgap 
semiconductors.[84, 85] Normally, symmetry conditions demand a quadratic field 
dependence of MR in the low field limit (μB < 1), which eventually saturates at 








(constant): for (μB) > 1 
where, μ is the carrier mobility and B is the external magnetic field. Hence the 
observation of linear and non-saturating MR is quite interesting. 
Let us consider the physical mechanism taking place when an out-of-plane 
external field is applied. When an external field is applied to a material, the 
electrons start describing circular motion with frequency 𝜔c, known as the 
cyclotron frequency. As the magnitude of the external field increases, Landau 
levels (LL) start forming as explained in chapter 2. Quantum effects can arise as 
the LLs associated with cyclotron electron motion start becoming distinct, when 
Tk>ω Bc . As the magnitude of the external field increases, 𝜔c increases and 
eventually the ‘extreme quantum limit’ is reached when cω  exceeds the Fermi 
energy, EF.[85] At this state, all electrons coalesce into the first LL and the MR 
displays a linear dependence on the external field, known as a quantum MR.[86] 
The quantum MR is linear down to very small fields and non-saturating. 
However, only semi-metals and semiconductors with small band gaps and small 
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effective mass can attain the extreme quantum limit at practical external field 
magnitudes (up to 9 T). 
Ordinarily in these materials, the presence of inhomogeneities creates a 
tail in both the conduction and valence bands which intersect each other and give 
rise to a linear dispersion in the E-k diagram.[87] The LMR originates from the 
linearity in the E-k diagram. This effect is seen for InSb, which is a low bandgap 
semiconductor (< 0.3 eV) with a very small effective mass (< 0.1 m
*
) and large 
electron mean free path, which satisfies the requirements for the observation of a 
quantum MR. The presence of inhomogeneities in polycrystalline InSb can result 
in the intersection of the conduction and valence bands, due to its small band gap, 
giving rise to a linear dispersion curve, as shown in figure 4-15. The resulting 
band structure is similar to that of graphene in the vicinity of the Dirac point and 
also the TSS. 
 
Figure 4-15: Linear MR in InSb due to linear tail formation between conduction 
and valence band due to inhomogeneity.[85] 
 
The LMR modulation observed in InSb is quite large, approaching close to 
40,000% at 12 T and 50 K.[85] The inhomogeneity induced LMR in InSb is 
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stable upto 400 K. In a TI, the surface states disperse linearly in the E-k diagram, 
which is an intrinsic characteristic independent of the presence of 
inhomogeneities. This can result in LMR in TIs, similar to that observed in InSb, 
when the surface state contribution is predominant.  
Figure 4-16(a) shows the MR of a BSTS sample measured at temperature 
ranging from 2 to 140 K. The MR is found to be linear from 2 up to 50 K, when 
the surface state contribution is visible. The LMR disappears at temperatures 
above 50 K and the MR starts to show a parabolic dependence on field. Above 50 
K, the bulk contribution starts increasing, as seen from the temperature 
dependence of resistance of the sample in figure 4-16(b). The increased bulk 
contribution is indicated by the sharp decrease in the resistance as the bulk 
channels become active above 50 K. As a result, the LMR signal from the surface 
states is overcome by the parabolic MR signal from the bulk channels above 50 
K. This is in contrast to InSb where the inhomogeneity induced LMR is stable up 
to 400 K.[85] Thus, a TI is found to exhibit LMR when the transport is dominated 
by the surface states, which disappears once the bulk channel transport 
contribution starts increasing. 
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Figure 4-16: (a) Out of plane MR of BSTS as a function of temperature, showing 
the evolution from linear to parabolic behavior as temperature rises above 50 K. 
(b) Resistance vs. temperature plot of BSTS indicating that surface states become 
active below 50 K. Above 50 K, the increased bulk channel contribution results in 
disappearance of LMR. 
 
4.6 Conclusion 
This chapter studied the fundamental transport properties of TSS based on 
temperature dependence, electrical gating, and magnetoresistance measurements. 
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The study of the transport properties is important to assess the quality of TIs and 
to understand the physics behind their unique behavior. Certain signatures of the 
surface state can be clearly observed in transport experiments, which is an 
indication of the TSS behavior. However, the transport properties are mainly 
dominated by the bulk channel contributions at temperatures above 50 K, making 
it quite challenging to observe clear signatures of the surface state. The next 
chapters will investigate the detailed transport properties of TIs under various 




Chapter 5  Disorder induced negative 
magnetoresistance and surface state robustness in 
BiSbTeSe2 
The previous chapter provided an understanding of the fundamental 
transport properties of TIs. One of the characteristics of the topological surface 
states (TSS) is that they are ‘topologically protected’ against backscattering. 
However, the robustness of the TSS has not been experimentally demonstrated 
previously. Hence, in this chapter, we study the robustness of the surface state 
through transport measurements by exposing the surface of the TI material to 
external disorder. We also study the weak anti-localization (WAL) property of TIs 
introduced in the previous chapter in greater detail. 
5.1 Introduction 
Magneto-transport measurements in TIs typically show a WAL behavior 
due to the large spin-orbit coupling and the absence of backscattering.[24, 77, 78, 
81] The spin-momentum locking of the metallic surface states causes a 
suppression of backscattering which results in a π Berry phase acquired by the 
electrons executing time reversed paths. This results in destructive interference 
and observation of the WAL which is a quantum correction to the conductivity in 
an externally applied magnetic field. However, a few reports have previously 
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demonstrated a signature of weak localization (WL) in TIs in the case of ultra-thin 
films in which the hybridization between the top and bottom surface wave-
functions results in a gap opening in the surface states.[49, 73, 74] It has been also 
reported that magnetically doped TIs can exhibit WL.[75, 88] Given the large 
spin-orbit coupling and the absence of backscattering in the metallic surface 
states, the observation of WL in TIs is an interesting phenomenon, which is not 
fully understood. Furthermore, the robustness of the surface states against external 
disorder has not been experimentally investigated previously. 
In this chapter, we devise an experiment to introduce defects into the 
quaternary TI compound BiSbTeSe2 (BSTS) by exposing the surface of the 
material to a beam of Ar
+
 ions by using the ion milling process. We find that 
characteristic signatures of WL emerge in BSTS after ion milling. The signature 
of WL appears as a negative contribution to the magnetoresistance (MR) at 
temperatures lower than 50 K and at fields larger than 2 T. We also find that the 
topological surface states remain unaffected by the introduction of defects and 
maintain their immunity against disorder.  
5.2 Sample fabrication  
High quality BSTS single crystals used for the study was grown by the 
modified Bridgeman technique, as explained in chapter 3.[34, 89] In order to 
study the transport properties, photolithography was used to pattern thermally 
evaporated Cr (10 nm)/Au (150 nm) electrodes on the exfoliated BSTS 
nanoflakes. Argon ion milling was carried out on the samples at a power of 38 W 
and the distance between the source and the substrate was 30 cm. 
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The Fermi level lies inside the band gap in BSTS, whereas it lies inside 
the conduction band in Bi2Se3, as discussed in detail in chapter 4, as seen from 
figure 4-3. It allows us to study the properties of the surface state with little 
interference from the bulk in the case of BSTS. In order to study the effect of ion 
milling, we first measure the transport properties of the BSTS control sample. The 
same sample is then subjected to ion milling and its transport characteristics are 
measured again to compare with the values before milling.  
5.3 Transport characterization 
5.3.1 Effect of milling on gating of BSTS 
Figure 5-2 shows the effect of ion milling on the gate voltage dependence 
of BSTS. We find that the corresponding gate voltage of the Dirac point has 
shifted from -40 to -80 V indicating that the sample has become more heavily n-
doped after ion milling. The Boltzmann transport theory was used to fit the back 
gate voltage dependence of the resistance as shown in figure 5-2.[39, 68, 90] 
From the Boltzmann fit, we obtain the charged impurity density (nimp) of 7  10
12
 
and 1.33  1013 cm-2 for the sample before and after milling, respectively, which 



















Figure 5-1: Effect of ion milling on the gate voltage dependence of BSTS at 2 K. 
 
5.3.2 Effect of milling on carrier concentration of BSTS 
The carrier concentration increases by two times from 2.36  1013 cm-2 to 
5.53  1013 cm-2 after milling as inferred from Hall measurements in figure 5-3. 
We further find that electron mobility (μe) decreases from 106 to 52 cm
2
/Vs after 
milling. This is due to the increase in the density of defect states in BSTS after 
exposing it to ion milling.  
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Figure 5-2: Effect of ion milling on carrier concentration in BSTS at 2 K. 
 
5.3.3 Effect of milling on inelastic tunneling spectroscopy 
characterization 
In order to detect the presence of the defect states in the band structure of 
BSTS, inelastic electron tunneling spectroscopy (IETS) measurements were 





 versus bias voltage (V) and is a very sensitive spectroscopic technique 
which has been used to study the detailed electronic structure.[91-93] It can hence 
provide information about the various inelastic electronic interactions and defect 
states present in case of a disordered semiconductor. The measurement setup and 































Figure 5-3: IETS measurement setup and circuit diagram. 
 
Figure 5-4 shows the IETS data obtained from the BSTS sample before 
and after milling. It is seen that a defect peak appears at 8.6 meV in the IETS 
spectra, which becomes more distinct after milling. We also find that the intensity 
of the IETS signal increases significantly in the milled sample. An increase in the 
intensity of the IETS signal after milling indicates an increase in the density of 
defect states. Note that the defect states are present even in the control BSTS 
sample, but the density of the defect states increases after introduction of disorder, 
as inferred from figure 5-4. 
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Figure 5-4:  Inelastic electron tunneling spectra of BSTS before and after milling 
at 4 K. 
 
5.3.4 Effect of milling on activation energy of BSTS 
Figure 5-5 shows the resistance versus temperature data for the sample 
before and after ion milling. It is interesting to note that the sample retains its non-
metallic nature even after milling, indicating that the Fermi level lies inside the 
band gap after milling. We use an Arrhenius equation  0 exp /a BR R E k T  to fit 
the curve in figure 5-5, where Ea corresponds to the activation energy.[77] We 
find that the activation energy for the control sample is 11.5 meV corresponding 
to a temperature of ~ 115 K. For the milled sample, activation energy is ~ 3.94 
meV, corresponding to a temperature of ~ 40 K. When the temperature exceeds 
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Figure 5-5: R vs. 1/T plot (plotted on log scale) of BSTS showing that the sample 
retains its insulating nature even after ion milling. 
 
5.4 Magnetoresistance characterization 
5.4.1 Analysis of magnetoresistance 
We now discuss the MR properties. The WAL phenomena in TIs are 












































 .                                                  (5-1)  
In equation (5-1),  is the digamma function, B is the magnetic field, 𝛼 is a 
prefactor, and 
L is the phase coherence length. Each band that carries a π Berry 
phase provides an 𝛼 = -0.5.[94, 95] In order to have a sharp WAL cusp, the phase 
coherence length must be larger than the electron mean free path.[96] The mean 
free path in the control BSTS sample is around 4.7 nm, as determined from a 
Fermi velocity vF = 510
5
 m/s.[16] Fitting the MR data in figure 5-6(a) for the 
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control sample with equation (5-1) at 2 K gives a value of 𝛼 = -0.62 and 
L = 96 
nm which agrees well with previously reported values.[22, 24, 34, 71, 78]  
The phase coherence length decreases as temperature increases due to 
increased thermal scattering, and when its value becomes less than the electron 
mean free path, the WAL cusp is lost.[71] Ordinarily, the MR contribution from 
the bulk remains negligible due to its unitary nature and the WAL signature in 
transport experiments comes predominantly from the surface states.[72] However, 
in the samples subjected to ion milling, a WL signature appears as a negative 
contribution to the MR at large fields, as seen in figure 5-6(a-c).  
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Figure 5-6: Out of plane magnetoresistance of BSTS before and after milling at 
(a) 2 K (b) 10 K (c) 30 K showing the appearance of negative MR after milling. 
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5.4.2 Role of defects 
The appearance of negative MR after ion milling suggests an additional 
transport mechanism contributing to this unconventional behavior. Ion milling has 
been known to created defects like vacancies in semiconductors.[97-99] The 
process of ion milling is thus expected to increase the density of defect states in 
the BSTS band structure. The defect peak in the IETS spectra as shown in figure 
5-4 confirms an increase in defect density in the BSTS sample after milling. 
Introduction of disorder results in the creation of localized states and electrons in 
these localized states behave differently from the conduction electrons.[100] The 
creation of additional defect states in the band structure competes with the linearly 
dispersed surface states in electron transport at low temperatures. At temperatures 
below 50 K, the electron transport occurs by hopping across the defect 
states.[100-103] When the electron transport due to hopping across the defect 
states becomes significant and starts competing with transport through surface 
states, it can result in changing the conventional MR behavior. The appearance of 
negative MR at high fields (> 2 T) thus can be attributed to electron hopping 
across the additional defect states, created by disorder.[73, 74, 76]  
Note that the bulk maintains its non-metallic nature even after milling as 
seen in figure 5-5. This indicates that the Fermi level still lies inside the band gap. 
There have been previous reports which suggest that the bulk channels in a 
topological insulator can give rise to WL in spite of the strong spin orbit 
coupling.[49, 73, 74] However, this does not seem to be valid in our case since 
the bulk contribution for the milled sample becomes significant only above 40 K, 
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as inferred from the Arrhenius fit in figure 5-5. Hence, it seems that the negative 
MR originates from the increase in the density of defect states created within the 
band gap due to ion milling, and not from the bulk channels. The negative MR 
appears as a parabolic superimposition upon the original WAL curve. 
We use a summation of equation (5-1) and a parabolic field dependent 













































                              (5-2) 
where 𝛽 is a co-efficient arising from the scattering across the defect states. We 
obtain good fits of the MR curves of the milled sample to equation (5-2), as 
shown in figure 5-7, implying that the negative MR indeed shows parabolic field 
dependence.  




















 30 K After milling
 
Figure 5-7: Fitting using modified HLN equation (5-2) on the milled BSTS sample 
at different temperatures. Negative MR is seen in the milled sample which 




5.4.3 Surface state robustness 
Figure 5-8(a-b) shows the effect of ion milling on the fitting parameters 𝛼 
and the phase coherence lengths 
L  of the surface states obtained from the first 
term of equation (5-2) corresponding to the HLN equation. 





































Figure 5-8: Fitting parameters 𝛼 (a), and phase coherence lengths L  (b) as a 




It is quite interesting to note that the 𝛼 values and the phase coherence 
lengths of the BSTS sample are not affected much by ion milling, where the 
values for the control sample and milled sample are quite similar. The 𝛼 value is 
close to -0.5 for both samples, as shown in figure 5-8(a). The phase coherence 
length 
L  is found to decay with temperature and shows a decaying power law 
trend scaling as T , as shown in figure 5-8(b). We obtain 𝛾 = 0.58 and 0.56 for 
the sample before and after milling respectively, from the fits in figure 5-8(b). A 
value of 𝛾 close to 0.5 indicates 2D electron-electron scattering for the sample 
before and after milling.[24, 71, 78] Hence, the electron transport is 
predominantly two-dimensional before and after milling. Furthermore, the 
electron dephasing time   is found to be ~ 5 ns at 2 K, determined from the 
relation  DL  , where smeTkD Be /1082.1/
26  , which is similar to 
the values extracted from recent reports on electron-electron interactions in 
topological insulators.[104-107]  
We observe that the behavior of the surface state of sample is relatively 
unaffected by the introduction of disorder, as inferred from the similar values of 𝛼 
and the behavior of 
L  of the sample before and after milling. The 𝛼 value of the 
sample remains close to -0.5 before and after the milling indicating one 2D 
surface channel. The similarity of the phase coherence length indicates that the 
2D surface channel has not been significantly affected by the ion milling process, 
thus showing that the surface states are remarkably robust against external 
disorder induced by ion milling. The immunity against backscattering confers this 
protection to the surface states. 
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5.4.4 Negative magnetoresistance 
Figure 5-9 shows the evolution of the coefficient 𝛽 which displays a linear 
decrease in the magnitude, as the temperature changes from 2 to 50 K. The 





















Figure 5-9: Evolution of the co-efficient 𝛽 as a function of temperature indicating 
a systematic diminishing of negative MR from 2 K to 50 K. 
 
Negative MR has been previously reported and analyzed in disordered and 
doped semiconductors.[102, 108-110] It has been proposed that in disordered 
solids, there exists localized regions of spin accumulation.[100] On the 
application of an external field, these localized regions are aligned with the 
direction of the external field which results in a reduction of spin-scattering, 
leading to a decrease of the resistance with an increase in the field showing up as 
a negative contribution to MR. The negative MR shows a quadratic dependence 
with the field in this case.[102] The quadratic negative MR originating from the 
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defect states competes with the linear MR originating from the surface states. At 
large fields, the quadratic negative MR overcomes the linear positive MR and 
results in a downward bending of the MR curve as seen in figure 5-6(a-c).  
At low temperatures, the transport across the defect states is governed by 
the hopping probability across the states.[101, 103] The hopping probability 
decreases exponentially with an increase in temperature, [101-103] resulting in a 
decrease in the magnitude of negative MR, consistent with our observations for 
the milled sample. We note that defect states are already present in the control 
sample as well, however the ion milling process significantly enhances the density 
of the defect states, resulting in an exponential increase in the hopping probability 
across the states. Therefore, the negative MR is visible only in the milled sample. 
Thus, we infer that the disorder introduced by ion milling appears as a negative 
contribution to MR by creating localized regions of spin accumulation which act 
as trapping sites for the electrons. At large fields, the alignment of the localized 
regions with the external field orientation results in a drop of resistance, which 
appears as a negative MR. 
5.4.5 Effect of gating 
Figure 5-10 shows the effect of back gate bias at 2 K on the MR of the 








































Figure 5-10: Effect of gate bias on magnetoresistance (MR) at 2 K after milling. 
The inset shows the effect of gate bias on MR at 2 K before milling.  
 
It is seen that the MR is linear with a sharp WAL cusp across the Dirac 
point in the control sample before milling. However, in the milled sample in 
figure 5-10, which shows negative MR, the WL signature is found to become 
weaker as the Dirac point (~ -80 V) is approached.  
Application of gate bias at 30 K in the milled sample results in the 
disappearance of the negative MR signature and the MR percentage approaches 
that of the sample before milling, as shown in figure 5-11. Thus, approaching the 
Dirac point restores the original WAL behavior of the surface states in the milled 
sample, demonstrating further the robustness of the surface states to disorder. 
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Figure 5-11: Effect of gate bias on MR at 30 K after milling. The negative MR 
disappears at 30 K approaching the value before milling. 
 
5.5 Conclusion 
In summary, we observe the emergence of negative magnetoresistance in 
BiSbTeSe2 subjected to ion milling by Ar
+
 ions. The negative magnetoresistance 
appears at low temperatures and large magnetic fields, and disappears as the 
temperature exceeds 50 K. The origin of the negative MR is attributed to an 
increase in the density of defect states created by the introduction of disorder. The 
surface states were also found to be robust to the introduction of disorder, as 
expected in TIs. Moreover, the bulk channel contribution remains negligible even 




Chapter 6  Conductance modulation in 
topological insulator Bi2Se3 films using ionic liquid 
gating 
(The author would like to acknowledge the contribution of Jaesung Son 
for fabricating the ionic liquid gated devices used in this chapter.) 
Ionic liquid dielectrics have the unique ability to cause large modulation 
of carriers due to their high dielectric constant as compared to solid dielectrics. 
Ionic liquids are highly polar binary salts with low melting points, which typically 
consist of nitrogen-based organic cations and inorganic anions. As mentioned in 
Chapter 4, the chief drawback of TI materials like Bi2Se3 is the large bulk channel 
conductivity, which makes access to the surface states quite difficult in a transport 
experiment. Electrical gating is one of the methods by which the problem of large 
bulk channel conduction can be addressed. Ionic liquids have been known to offer 
significant carrier modulation due to the large double layer capacitance that 
occurs at the ionic liquid interface.[111-114] Moreover, ionic liquids are known 
to have high thermal stability, non-volatility and compatibility with most material 
systems. Thus, understanding the interaction between TI materials with ionic 





In recent studies of TI field effect transistor (FET) devices, a large 
tunability of the Fermi level through back gating has been reported, which was 
used to investigate surface state transports near the Dirac point at low 
temperatures.[115, 116] The carrier type can be changed from n-type to p-type by 
applying the gate voltage to TIs.[117] However, the conductance modulation ratio 
at room temperature remains small. Recent studies show that 76% of conductance 
was modulated in Bi2Te3 at room temperature by using simultaneous dual gate 
control[118] and even smaller modulations were reported at ~200 K in Bi2Se3 thin 
films.[19] The observation of low conductance modulation is mainly due to a 
significant conductance through the bulk channel, originating from structural 
defects like vacancies or impurities.[116] In order to enable practical device 
applications using TIs, accessing the topological surface states at room 
temperature is the crucial requirement. Keeping this requirement in mind, this 
chapter studies the response of Bi2Se3 thin films to ionic liquid dielectrics, which 
due to their large dielectric constants have the ability to significantly reduce the 
bulk channel contribution, which is the predominant contribution to electron 
transport at room temperature. The ionic liquid exhibits a capacitance, typically 
on the order of 1  20 µF/cm2, and hence a large conductance modulation can be 
observed in the TI channel due to the effective control of the carrier density with 
the ionic liquid gate dielectrics.[112, 119]  
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6.2 Sample fabrication  
The Bi2Se3 films used for the studies in this chapter were grown by Prof 
Sean Oh’s group at Rutgers university using molecular beam epitaxy (MBE).[22] 
Large-area, high-quality Bi2Se3 films were grown on 3 inch c-axis Al2O3 
substrates with MBE using the recently developed two-step scheme. Hall bar 
patterns were fabricated by optical lithography followed by Ar ion milling. Six 
electrodes were deposited by sputtering Ta/Cu (4 nm/80 nm) on top of the Hall 
bar pattern. A patterned ionic top-gate dielectric was prepared using a 
photolithographic technique.[120] The UV-cross-linkable precursor solution was 
prepared by mixing 1-ethyl-3-methylimidazolium bis(tri-
ﬂuoromethylsulfonyl)imide ([EMIM][TFSI]) ionic liquid, poly(ethyleneglycol) 
diacrylate (PEG-DA), and 2-hydroxy-2-methylpropiophenone (HOMPP) with a 
ratio of 88:8:4 (w/w) and dropped on a substrate. The radiation of UV results in 
chemically cross-linked solid electrolytes termed “ion gel” due to polymerization 
among acrylate end groups on PEG. The unexposed area is washed by deionized 




Figure 6-1: Bi2Se3 Hall bar fabricated with ionic liquid gate. 
 
6.3 Results and discussion 
6.3.1 Electrical transport characterization of Bi2Se3 film 
Electrical measurements were carried out in the Bi2Se3 films. The 
resistance (Rxx) as a function of temperature is plotted from a Hall bar device of 
20 QL (1 QL = 1 nm) films as shown in figure 6-2(a). The resistance decreases as 
temperature decreases from 300 to 30 K. Below 30 K the resistance remains 
almost constant as reported previously.[22] The temperature dependent resistance 
indicates metallic transport, since the TI channel is n-doped without gate electric 
fields.[115] The Hall measurement data (Rxy) at 2 K are shown in figure 6-2(b). 
The carrier concentration (n) and the type of carrier have been calculated from the 
magnitude and sign of the slope of Rxy(H), respectively, using xyD eRn /12  , 
where Rxy is the cross channel resistance with a current of 20 µA, e is the electron 
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charge, and H is the applied magnetic field normal to the sample plane. The 
observed linear Rxy(H) curve indicates that only one type of carrier is dominant in 
the device, which is n-type with a carrier concentration of 4.23  1013 cm-2. The 
mobility was estimated to be 134 cm
2
/Vs, which is in a similar range with the 


































Figure 6-2: (a) Temperature dependent resistance of a 20 QL Bi2Se3 film. (b) Hall 




6.3.2 Resistance modulation using ionic liquid dielectric 
Applying ionic liquid as a gate dielectric allows an efficient control of the 
carrier density with low operating voltages. A coplanar-gate configuration is used 
to apply gate voltage.[122] Figure 6-3 shows the resistance modulation with gate 
bias at room temperature in 20 QL Bi2Se3 devices. The resistance increases as the 
gate voltage decreases and it saturates below -1 V. The leakage current through 
the ionic liquid dielectric is less than 150 nA in the voltage scanning ranges. The 
observed hysteresis in the scan can be attributed to slow ion motion (slow 
polarization relaxation of gel dielectrics) and the interfacial trap states.[120] The 
transfer characteristics are reproducible, as the curves of the first scan up to -0.8 V 
is very similar to the fourth scan with the same voltage range after applying 
higher voltage sweeps. As seen in figure 6-3, the conductance modulation ratio 
increases with increasing the sweeping ranges; with 170% of modulation with a 
gate bias of -0.8 V and ~365% with a gate bias of -1  -1.5 V, which are larger 
values compared to other studies reported at room temperature. For example, ~2% 
and ~76% of resistance modulation have been reported in Bi2Se3 and Bi2Te3 
respectively, using solid oxide gate dielectrics.[19, 118] 
In order to estimate the gate voltage corresponding to the Dirac point, we 
use the relation,  
eVVCn DggD /)(2                                                                          (6.1) 
where Cg is the capacitance per unit area of the ionic liquid gate dielectric ~20 
F/cm2,[123] Vg is the applied gate voltage, and VD is a voltage corresponding to 
the Dirac point. VD is estimated to be -1.54 V. The crossover of the Dirac point is 
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not shown in figure 6-3, since our measurement is limited by the electrochemical 
reaction between the ionic liquid and TI channel beyond a gate bias of -1.5 V.  























Figure 6-3: Gate voltage modulation of Bi2Se3 with ionic liquid gate at 300 K 
with Boltzmann fitting. 
 
Ideally, the value of resistance is infinity at the Dirac point. However, 
according to a previous theoretical prediction,[68] inhomogeneous charge puddle-
dominated impurities provide spatially fluctuating local conductivities and 
contribute to the finite resistance near the Dirac point, which can be calculated 
more accurately by the effective medium theory (EMT). As the EMT is above the 
scope of the present study, the modulation of the resistance in figure 6-3 has been 
fitted by the Boltzmann transport theory using the effective interaction parameter 
Fs ver /
2 and a characteristic density )4/()( 22*0 Fvmn  , where vF is the 
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Fermi velocity and  is approximately half of the dielectric constant of Bi2Se3. 














































 ,                                                              (6.2b) 
where nimp is the charged impurity density, and sgn is the signum function. From 









. A large value of nimp indicates that charged impurity puddles play an 
important role in the electron transport, leading to a finite saturating value of the 
resistance as the gate bias moves the Fermi level toward the Dirac point (VD = -
1.54 V). The charged impurities at low carrier density close to the Dirac point 
provide inhomogeneous electron-hole puddles, where the conductivity is 
approximately constant over a finite range of external gate voltage, providing an 
explanation for the observed resistance plateau in figure 6-3.[39, 65, 70] The Hall 
measurements without and with the ionic liquid indicate that the carrier density of 
the TI channel increases with ionic liquid addition by a factor of ~2 as indicated 
in figure 6-4. As shown in the fit of figure 6-3, the Boltzmann transport model 
cannot accurately explain the data around the Dirac point as it gives zero 
conductance (infinite resistance) at the Dirac point. 
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Figure 6-4: Hall measurement on Bi2Se3 indicating an increase in carrier 
concentration after ionic liquid addition at zero gate bias. 
 
6.3.3 Effect of ionic liquid gating on carrier concentration and 
mobility of Bi2Se3 
 Hall measurements were performed on the Bi2Se3 sample to study the 
variation of the carrier density as a function of gate voltage at room temperature. 
The carrier density and mobility at 300 K is plotted in figure 6-5(a). The carrier 
concentration of the channel decreases as the gate bias decreases from 1 to -1 V, 
while the mobility increases. When a negative gate bias is applied, the Fermi level 
(which lies in the conduction band) shifts toward the Dirac point. Consequently, 
the reduced electron concentration causes an increase of the channel resistance, 
while the mobility increases as the carrier concentration decreases.[124, 125] 
Unlike two-dimensional electron layers in semiconductors, where the charge 
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carriers become immobile at low densities, the carrier mobility in graphene can 
remain high, even when their density vanishes at the Dirac point.[126] For 
monolayer graphene, the mobility, limited by short range scattering, was found to 
be inversely proportional to the carrier density.[125] This inverse relationship is 
also observed in the Bi2Se3 films from the Hall measurements as shown in figure 
6-5(b), which indicates that the carrier transport may be affected by the linear 
dispersion of the topological surface states. As shown in figure 6-5(a), the 
variation of the carrier density is ~3.8 times, which is larger than the variation of 
mobility (~2.3 times). Therefore, the observed gate dependent modulation of the 
channel conductance can be attributed primarily to carrier density modulation in 
the TI channel. 
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Figure 6-5:(a) Carrier density and Hall mobility as a function of gate bias at 300 
K. (b) Hall mobility as a function of carrier density at 300 K. 
 
The multi-carrier model,[60] was used to determine the relative 
modulation of the surface and bulk carriers due to the application of gate voltage 
from figure 6-5. Figure 6-6 shows the relative modulation of the surface (ns) and 
bulk carriers (nb) due to ionic liquid gating. It is seen that the ionic liquid gating 
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primarily modulates the bulk carriers. The surface carriers, in comparison, are 
negligibly affected by the ionic liquid gating. 


























Figure 6-6: Carrier density modulation of bulk (nb) and surface (ns) carriers as a 
function of gate bias at 300 K using multi-carrier model. 
 
In figure 6-7(a), the conductance HDen  2 as a function of the carrier 
density is fitted by a recent theoretical study, which predicts the conductivity as 
being limited by charged impurity scattering, assuming a linear Dirac band,[39, 
127] and is given by ]/[/~)( 2 hennCn imp  ,where C is a fitting constant (C = 
20).[65] From the fits in figure 6-7(a), we identify the impurity density (nimp) 




 to 2.6  1014 cm-2 for n2D > 
12  1013 cm-2, which is very close to the value estimated from the Boltzmann 
transport theory in figure 6-3. On the other hand, as seen in figure 6-7(b), the 
variation of the carrier concentration is comparably smaller, as temperature drops 
from 300 to 2 K, than that of Hall mobility. Therefore, the temperature dependent 
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conductance modulation in figure 6-2(a) can be attributed to a change in the 
mobility, rather than to carrier modulation. The fact that the background carrier 
densities do not change much with temperature indicates full ionization of 
electron donors in the TI even at low temperatures.[128] The Hall mobility 
increases by ~2.23 times, as temperature drops from 300 to 30 K, indicating that 


























































Figure 6-7: (a) Conductance as a function of the carrier concentration with a 
linear fitting. (b) Temperature dependance of the carrier density and mobility 





In summary, this chapter studied the electrical gating response of Bi2Se3 
thin films using ionic liquid dielectrics. With a negative gate voltage of -1 V, the 
device demonstrated a resistance modulation ratio of 365%. According to the Hall 
measurements, the majority carriers in the TI channel are electrons, and the carrier 
density of the channel effectively tuned by an ionic liquid gate is responsible for 
the conductance modulation. On the other hand, the temperature dependence of 
conductance modulation is due to an increase of the mobility at low temperatures. 
The observed large conductance modulation with ionic liquid gating presents an 





Chapter 7  Magnetic proximity effects in 
topological insulator BiSbTeSe2 
Interfaces between dissimilar material systems often display peculiar 
behaviors quite distinct from either phase, as a consequence of symmetry 
breaking. The nature of the interactions occurring at the interface is quite complex 
and particular to the specific system under consideration. Understanding the 
origin of these interfacial phenomena has been a challenge and one of the most 
actively researched areas in condensed matter physics. A central feature of TIs is 
the existence of helical surface states with well-defined spins which are locked to 
the momentum, thus making the surface currents spin-polarized.[4, 11, 16] As a 
result, TIs form an exciting playground to explore various spin related 
phenomena. In this chapter, we study proximity effects in a TI arising from the 
contact with a magnetic material. 
7.1 Introduction 
Due to the existence of the spin-polarized surface states, interfaces of TIs 
with magnetic insulators (MIs) can reveal novel spin related effects. In particular, 
the proximity of a TI to a MI can result in interesting magnetic proximity related 
signatures in transport measurements. We choose magnetic insulators instead of 
magnetic metals because the metal can easily short circuit the TI layer, which can 
fundamentally restrict the device design. Moreover, by interfacing a TI with a MI, 
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the spin-polarized surface states in the TI can interact with the magnetization of 
the MI, without any current flowing through the MI. This feature greatly 
simplifies the analysis of the proximity effects without any disturbance from a 
current path through the magnetic material.[129, 130] 
In this chapter, the effect of the MI yttrium iron garnet (YIG) on the 
transport characteristics of the TI BiSbTeSe2 (BSTS) at low temperatures and 
large external fields is studied using angular rotation magnetoresistance (MR) 
measurements. BSTS TIs are known to possess minimal bulk contribution to 
electron transport, especially at low temperatures (< 50 K), which makes it an 
ideal TI candidate for this study.[25, 34] Signatures of magnetic proximity were 
found to appear as a characteristic four-fold symmetry in the angular rotation MR 
measurements. 
7.2 Sample fabrication and characterization  
High quality BSTS single crystals were grown by the modified Bridgeman 
technique, as explained in chapter 3.[34, 89] In order to study the transport 
properties, photolithography was used to pattern thermally evaporated Cr (10 
nm)/Au (150 nm) electrodes on the exfoliated BSTS nanoflakes on the YIG 
substrates. The device geometry is shown in figure 7-1. The YIG substrates were 
obtained by growing a two micron thick film of YIG on the conventionally used 
gadolinium gallium garnet (GGG) substrates to minimize lattice mismatch. 








Figure 7-1: Device geometry showing a BSTS channel on YIG substrate with 
Cr/Au electrodes (yellow). 
 
The resistance as a function of temperature (R vs. T) of the BSTS flake on 
the YIG substrate is shown in figure 7-2. An increase in the resistance as 
temperature decreases indicates the non-metallic nature of the sample. The 
saturation in the resistance which appears below 10 K indicates the presence of 
metallic surface states, as discussed in chapter 4.[25, 34, 56] Thus, the transport at 


















Figure 7-2: Resistance vs. temperature plot of the BSTS device on a YIG 
substrate. 
 
7.3 Magnetic characterization of YIG film 
Figure 7-3 shows the normalized hysteresis loop of the GGG/YIG 
substrate measured using a vibrating sample magnetometer at room temperature. 
It indicates an in-plane easy axis for the GGG/YIG substrate. The strength of in-
plane saturation field in YIG is quite low (100 Oe), and an in-plane magnetization 
is not expected to exhibit any gap in the topological surface states.[76] 
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Figure 7-3: Normalized hysteresis loops of the GGG/YIG film of 2μm for in-plane 
(black) and out-of-plane (red) field configurations at 300 K. 
 
7.4 Weak anti-localization analysis 
Figure 7-4 shows a comparison of the weak anti-localization (WAL) 
phenomena in BSTS on a non-magnetic Si/SiO2 (300 nm) substrate and a 
magnetic YIG substrate, respectively, at 2 K. Both samples show a strong 
decrease of the resistance at zero fields as commonly observed in TIs.[22, 71, 77, 
132] The WAL behavior is modeled by the Hikami-Larkin-Nagoaka (HLN) 












































, where  represents the digamma 
function, B is the external magnetic field, L  is the phase coherence length, and 𝛼 
is a coefficient which indicates the type of localization, as discussed in chapter 5.  
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Figure 7-4: Out-of-plane magneto-conductance of BSTS on Si/SiO2 and BSTS on 
YIG showing WAL behaviour with fits at 2 K. 
 
We obtain good fits to the magneto-conductivity curves as shown in figure 
7-4. For perfect WAL, the coefficient 𝛼 has a value of -0.5, which indicates a 
single coherent 2D channel. We find that 𝛼 = -0.6 for the control sample of 
Si/SiO2/BSTS, indicating one surface channel with a minor bulk contribution, 
which is consistent with previous experimental 𝛼 values ranging from -0.4 to -
1.1.[22, 71, 77, 78, 132, 133] In the case of the YIG/BSTS sample, a smaller 
value of 𝛼 = -0.17 was obtained, indicating a weakening of the WAL behavior. 
L  
is reduced from 110 nm for the Si/SiO2/BSTS sample to 74 nm for the 
YIG/BSTS sample. The reduction in L  has been attributed to inelastic electron-
magnon scattering when the underlying substrate is a MI.[134] Since the 
saturation magnetization (MS) of the YIG film corresponds to 1800 Oe, which is a 
relatively small value as compared to the measured field range, the weakening of 
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WAL cannot be explained by the magnetization contribution of the YIG film 
alone. Magnetic proximity effects induced by the YIG substrate might be playing 
a role in the weakening of the WAL.[134] 
7.5 Angular dependence of magnetoresistance 
7.5.1 Comparison between YIG/BSTS and SiO2/BSTS 
In order to further study the magnetic proximity effect from the YIG 
substrate on BSTS, angular dependent MR measurements were performed, in 
which the angle 𝜃 between the applied current and in-plane external magnetic 
field of 9 T changes from 0 to 360. Figure 7-5 shows the angular dependence of 
MR behavior in Si/SiO2/BSTS. It illustrates a sin
2𝜃 dependence which is typical 
for Lorentz scattering of charge carriers. The two peaks at 90 and 270 arise due 
to the magnitude of the Lorentz scattering being maximum at these angles of the 



























Figure 7-5: In-plane angular dependence of MR of Si/SiO2/BSTS at 9 T and 2 K. 
The experimental configuration is displayed in the inset.  
 
In contrast, the angular dependence of the MR presents a totally different 
behavior in YIG/BSTS, as shown in figure 7-6. The MR behavior transforms from 
a two-fold to four-fold symmetry pattern, when the underlying substrate is YIG, 
with sharp drops in MR at 𝜃 values of 90 and 270. It seems that the typical 
behavior as expected from Lorentz scattering is overcome by another effect, 
whose contribution is most pronounced at 90 and 270 when the underlying 
substrate is a MI. Such an anomalous MR behavior at the MI/TI interface has not 
been observed before.  
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Figure 7-6: In-plane angular dependence of MR of YIG/BSTS at 9 T and 2 K. 
 
Similar angular dependence of MR measurements were also performed on 
a YIG/Pt (3 nm) control sample, as shown in figure 7-7. In case of YIG/Pt, the 
angular dependence illustrates a proximity induced MR, with peaks at 0 and 
180.[135]  





















Thus, the presence of the underlying YIG substrate significantly affects 
the MR behavior of BSTS. Magnetic proximity effects from the YIG substrate 
can result in this behavior. It seems that the angular dependence of YIG/BSTS 
shows a superimposition of the proximity induced MR (as observed in Pt/YIG) 
over the Lorentz scattering induced MR (as observed in SiO2/BSTS), which 
appears as the anomalies in the angular dependence at 𝜃 values of 90 and 270, 
as illustrated in figure 7-8. 























































Figure 7-8: Illustration of the superimposition of the proximity-induced MR 
(YIG/Pt) over the Lorentz scattering MR (SiO2/BSTS) giving rise to the magnetic 
proximity effect in YIG/BSTS. 
 
7.5.2 Effect of external field on angular dependence  
To understand the detailed nature of the anomalous MR behavior in 
YIG/BSTS furthermore, the magnitude of the in-plane external field was 
systematically varied from 1 to 8 T at 2 K as shown in figure 7-9. The data 
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indicates that for external fields below 3 T, the MR behavior of YIG/BSTS is 
similar to that of Si/SiO2/BSTS. However, above an external of ~ 3 T, the MR 
behavior of YIG/BSTS starts displaying a four-fold symmetry, as inferred from 
the anomalies appearing at 𝜃 values of 90 and 270, which becomes more 
distinct as the magnitude of the external field increases. It suggests that the 
proximity induced MR contribution from the underlying YIG substrate starts to 
show up in the angular dependence of the BSTS flakes above 3 T. As the 
magnitude of the external field increases, the proximity induced MR contribution 
is found to correspondingly increase, indicating that the external field plays an 


























Figure 7-9: Effect of increasing external field on the in-plane angular dependence 
of MR in another YIG/BSTS device at 2 K. The MR curves have been shifted up 
for clarity. 
 
Magnetic proximity effects on MI/TI heterostructures have been 
previously studied theoretically [129, 136] and experimentally.[134, 135, 137-
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140] Orbital mixing was found to be an important ingredient for the occurrence of 
the magnetic proximity effect.[129, 136] Although BSTS is not a magnetic 
material, it supports the existence of spin-polarized states at the surface. The spin-
momentum locking of the topological surface state lies in-plane and perpendicular 
to the momentum.[11, 14] YIG possesses an easy axis which lies in-plane. This 
can result in strong exchange interactions when the magnetization is in-plane. 
Exchange interactions have indeed been predicted to occur at the MI/TI interface 
due to hybridization of the MI orbitals with the TI orbitals, which can result in a 
non-trivial redistribution of charge density next to the interface, resulting in 
magnetic proximity effects.[129, 136, 138] In the case of our samples, since 
BSTS is exfoliated on to YIG, the interfacial bonding is weak. Hence the 
interfacial exchange interactions between BSTS and YIG as theoretically 
predicted may remain negligible. However, the magnetic proximity effects from 
the underlying YIG substrate surprisingly seem to persist in spite of the weak 
interfacial bonding, as indicated by the appearance of the four-fold symmetry at 
large external fields. It seems from our measurements that orbital mixing is 
enhanced at higher external fields, resulting in a larger proximity effect.  
Interestingly, we observe no hysteresis loop in the magneto-transport 
measurements on sweeping the magnetic field, which is quite surprising given the 
four-fold symmetry. Hysteresis has been found to occur in magnetically doped 
TIs.[139, 141, 142] There has also been evidence of hysteresis due to the 
magnetic proximity at the Bi2Se3/YIG interface, where Bi2Se3 was grown on 
YIG/GGG substrate using molecular beam epitaxy in an ultra high vacuum 
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environment at 200 C.[138] In our system however, the BSTS is mechanically 
exfoliated onto the YIG substrate. Therefore, the bonding between BSTS and YIG 
at the interface is physical and governed by weak van der Waals forces. Due to 
the weak interfacial bonding, proximity induced magnetism from the YIG to the 
BSTS may not be significant at small external fields as no hysteresis is found to 
occur. However, when the external field increases over 3 T, magnetic proximity 
induced effects start to become significant, as evident from the appearance of the 
four-fold symmetry in the angular rotation measurements.  
7.5.3 Effect of temperature on angular dependence  
In order to determine the robustness of the proximity induced four-fold 
symmetry, we carry out a temperature dependent study of the in-plane angular 
MR at 8 T, as shown in figure 7-10. As the temperature increases above 50 K, the 
bulk channels contribution to transport increases. Electron-phonon scattering also 
increases with a rise in temperature. We find that the four-fold symmetry 
gradually disappears at higher temperatures, but the effects are present even up to 
200 K, as seen by flat plateau like feature in the angular dependence of MR. Thus 
the magnetic proximity effect from the YIG substrate seem visible even when the 
bulk contribution through the BSTS becomes significant. 
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Figure 7-10: Effect of increasing temperature on the in-plane angular 
dependence of MR in YIG/BSTS at 8 T. 
 
7.5.4 Effect of current density on angular dependence  
Figure 7-11 shows the effect of increasing the current density through the 
BSTS device as measured at 2 K and 9 T. We see that the angular dependence 
starts to show a plateau like behavior at large current densities. As the current 
density increases, joule heating effects can result in increased scattering. This 
seems to diminish the magnitude of the four-fold symmetry. 
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Figure 7-11: Effect of increasing current magnitude on the in-plane angular 
dependence of MR in YIG/BSTS at 2 K and 9 T.  
 
7.5.5 Effect of out-of-plane field on angular dependence  
To further understand the proximity effect, the effect of out-of-plane 
magnetic fields on the proximity induced behavior in YIG/BSTS was also studied. 
However, no definite signatures of the four-fold symmetry were observed in the 
angular dependence of MR when the external field was out-of-plane to the sample 
surface, as shown in figure 7-12. It is known that an out-of-plane field breaks the 
time-reversal symmetry, which results in the appearance of a gap in the surface 
states.[11, 14] When coupled to a MI, the magnetization in the out-of-plane 
direction can destroy the surface states at the Dirac point. Figure 7-12(a) shows 
the out-of-plane angular dependence of MR for Si/SiO2/BSTS at 2 K and 9 T, 
where the MR is maximum when the external field is out-of-plane, illustrating a 
typical αcos  dependence, characteristic of TIs.[81] Figure 7-12(b) shows the 
124 
 
out-of-plane angular dependence of MR for YIG/BSTS at 2 K and 9 T. We see 
that the behavior of YIG/BSTS is similar to the Si/SiO2/BSTS sample, where no 
signatures of the four-fold symmetry are visible. Thus, it appears that magnetic 
proximity effects from YIG are predominant in our samples when the direction of 
the external field is in-plane, as the angular rotation data suggests. 







































Figure 7-12: (a) Out-of-plane angular dependence of MR from Si/SiO2/BSTS at 2 
K and 9 T. The experimental configuration is displayed in the inset. (b) Out-of-





In summary, four-fold symmetry was observed in the in-plane angular 
dependence of MR of BSTS flakes exfoliated on YIG substrates. The observed 
symmetry seems to be the signature of magnetic proximity effects from the 
underlying YIG substrate, which develops at low temperatures when the external 
field is in-plane. The proximity effect seems to get enhanced at large external 
fields, when the four-fold symmetry becomes more distinct. The orbital mixing of 
the TI and MI plays an important role in manifesting the proximity induced MR. 
The temperature and current density dependence of the MR indicates that the 





Chapter 8  Conclusion and future directions 
8.1 Conclusion 
This thesis studied the fundamental transport properties of 3D TIs. TIs are 
a newly discovered class of insulators which are ideally insulating in the bulk but 
conduct currents at the surface. The helical surface currents are topologically 
protected against backscattering due to time reversal symmetry. The peculiar 
properties of TIs are a consequence of band inversion induced by the large spin 
orbit coupling. TIs could be an important candidate for applications in spintronics 
and quantum computing, as a consequence of the spin polarized surface states. 
However, certain experimental challenges need to be addressed before 
considering practical applications for TIs. The major challenge is the large bulk 
channel transport contribution in most of the experimentally studied TI materials. 
The next section summarizes the individual chapters of the thesis. 
8.2 Chapter summaries 
Chapter 1 provided an introduction to the concept behind the origin of TIs. 
Chapter 2 discussed the physics of TIs from the perspective of the 
quantum Hall effect. It highlighted the importance of spin orbit coupling in TIs 
and reviewed the history behind the initial experimental demonstrations of TIs. It 
also reviewed recent experiments, which demonstrated the spin momentum 
locking property of TIs through electrical measurements. 
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Chapter 3 briefly discussed the experimental methodology followed for 
the transport study in the thesis, which includes the material growth, mechanical 
exfoliation, device fabrication and the electrical measurements setup. 
Chapter 4 studied the fundamental transport properties of TIs. It studied 
the topological protection of the TSS and the issue of large bulk channel transport 
contribution in TIs. It studied the ambipolar transport characteristics of BSTS TIs 
and the physics of the Dirac point. The Dirac point is an important indicator of 2D 
surface transport in TIs. The importance of magneto-transport measurements was 
highlighted and the phenomenon of weak anti-localization in TIs was introduced. 
The phenomenon of linear magnetoresistance in TIs was also analyzed and its 
relation to the surface state transport was demonstrated. 
Chapter 5 investigated the robustness of the topological surface state and 
the effect of disorder on the magnetoresistance (MR) of TIs. Introducing disorder 
through ion milling in BSTS was found to result in the appearance of negative 
MR, which originates from the increase in the density of defect states. The surface 
states were found to remain robust against the external disorder, as evidenced 
from the study of the phase coherence length and electron-electron interactions. 
The bulk channel contribution was found to remain negligible at low temperatures 
even after the introduction of disorder. 
Chapter 6 studied the suitability of using ionic liquids as the gate dielectric 
in TI materials, due to their large capacitance. It demonstrated a resistance 
modulation up to 365% in Bi2Se3 thin films at room temperature. The study of the 
evolution of carrier concentration in Bi2Se3 indicated that the majority carriers are 
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electrons and the resistance modulation is primarily due to the variation in carrier 
density. The large conductance modulation observed at room temperature is an 
important step towards practical TI device applications. 
Chapter 7 demonstrated signatures of magnetic proximity in BSTS TIs 
from an underlying magnetic insulator (YIG) substrate. The proximity effect from 
the magnetic insulator substrate resulted in the appearance of a characteristic four-
fold symmetry in the in-plane angular dependence of MR of the BSTS flakes. The 
temperature and current dependence data indicate that the magnetic proximity 
effects are visible up to 200 K and large current densities. The observation of 
magnetic proximity could be interesting for the future applications of TIs in 
spintronic devices. The next section addresses the future research prospects in 
TIs. 
8.3 Future prospects in TI research 
The major attraction of TIs stems from the helical spin-polarization of the 
surface states and their robustness against backscattering. This makes them prime 
candidates for applications in spintronic devices. The dissipationless transport of 
the massless Dirac fermions of the surface states makes TIs ideal candidates for 
quantum computing. However, before these applications are practically realized, 
certain experimental challenges need to be still addressed. 
The major experimental challenge in the Bi-chalcogenide compounds is 
the non-insulating nature of the bulk channels which makes the access to the 
surface states almost impossible at room temperatures. Hence the search for better 
TI materials will continue. One of the recent materials which is being seriously 
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considered is samarium hexaboride (SmB6) which is known as a topological 
Kondo insulator (TKI).[143] In a TKI, the topologically non-trivial insulating 
state comes from the spin orbit coupling associated with hybridization between 
conduction and f electrons. However, the topological origin of the surface state in 
this material has still not been conclusively established.  
Recently, electrical detection of spin-polarized currents in Bi2Se3 was 
demonstrated at room temperature by Saroj Dash’s group at Chalmers.[144] If the 
conclusions from this study are indeed reliable and repeatable by other 
experimental groups, it could be a major breakthrough in TI experimental 
research. This could result in the push needed towards the realization of practical 
spintronic devices based on TIs. 
Improvement in film quality is another area for future research in TI 
materials. Currently, the materials most suitable for TI studies are thin films 
grown by molecular beam epitaxy (MBE) and melt solidified single crystals. 
However, for applications in spintronic devices, thin and uniform films are a 
crucial requirement. Currently, the MBE TI films available invariably suffer from 
growth and interface defects. Addressing this issue is a key challenge in TI thin 
film growth. Recently, there has been a report of a record surface state mobility 
(16,000 cm
2
/V-s) observed in a TI MBE film, which is an order of magnitude 
larger than that previously observed.[145] The authors in this study used a 
carefully designed ‘virtual substrate’ consisting of isostructural buffered layers, 
which shares very good lattice matching with Bi2Se3 to achieve extremely low 
interfacial defects, enabling the observation of the quantum Hall effect (QHE) 
130 
 
above a magnetic field of 29 T. Such high quality TI thin films with low 
interfacial defects might result in clear signatures of the topological surface states 
(TSS) in future transport experiments. 
Finally, practical devices will invariably involve heterostructures of TIs 
with other materials. The properties of the interface will largely govern the 
behavior of these heterostructures. Thus, understanding the interaction of TIs with 
other materials, especially ferromagnetic metals will be an important area of 
future research. In this respect, consider the below application of TI interfaced 
with a magnetic insulator for a TI based transistor application. 
The TSSs are protected from backscattering as long as time reversal (TR) 
symmetry is preserved.[14] However, the application of an out-of-plane magnetic 
field breaks TR symmetry, leading to gap opening in the TSS.[14, 76] Due to gap 
opening of the surface states, the resistance sharply increases, leading to large ON 
(low R) – OFF (high R) ratios. This can be a useful property for device 
applications. The gap opening in the TSS can be achieved by using a magnetic 
insulator (MI) deposited on top of the TI, as shown in figure 8-1. When the MI is 
magnetized out-of-plane, a gap opens up in the TSS (due to breaking of TR 
symmetry) resulting in an increase in resistance.[129, 136] This effect can be used 
to construct a TI-based transistor device with a magnetic insulator element, which 
can control the gap opening of the surface states, depending on whether it is 
magnetized or not. When the surface state gap opens due to the magnetization 
from the MI, the resistance sharply increases, which can lead to large ON-OFF 
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ratios. In this way, TIs can be used as transistors by substituting the gate oxide 











Figure 8-1: Gap opening in TSS due to out-of-plane magnetic field can lead to 
large ON-OFF ratio. The TI device shown, attached with a magnetic insulator 
element M, can be used to function as a TI based transistor. 
 
The absence of backscattering feature makes TIs as very attractive 
candidates for application’s requiring very low dissipation like interconnects.[9] 
However, due to large bulk conduction at room temperature, heat dissipation 
issues prevent their use as interconnects. The issue of large bulk conduction needs 
to be addressed before considering TI applications in interconnects, which is 
another key area for future experimental work. 
The spin momentum locking of the TSS along with low dissipation leads 
to applications in quantum computing.[10] Quantum computing makes use of 
quantum mechanical phenomena like superposition and entanglement in order to 
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perform operations on data. Future experimental investigations are required to 
explore the feasibility of using TIs in quantum computing. 
Most device applications of TIs are severely limited due to the large bulk 
channel contribution to the transport at room temperature. Thus, the major 
limiting factor to the successful application of TIs in spintronic devices is 
primarily a materials problem which needs to be successfully addressed in order 
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